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ABSTRACT 
ENERGY FROM OLIVE MILL WASTE: 
PYROLYSIS AND OXIDATION KINETICS OF OLIVE MILL WASTE 
by 
Li Buessing 
University of New Hampshire, May 2012 
This study investigates the utilization of the olive mill waste stream before and 
after the removal of entrained phenolic compounds. The kinetics of pyrolysis and 
oxidation were analyzed via thermogravimetric analysis. Particle size, heating rate, and 
extraction process of the phenolic compounds affected the apparent activation energies. 
The pits and pulp in the olive mill waste had apparent activation energies ranging for 
pyrolysis from 91-137 kJ/mol and 72-87 kJ/mol, respectively. The analysis of the 
oxidation of olive mill waste was divided into two distinct zones: the devolatilization and 
oxidation of volatiles zone and the char oxidation zone. The oxidation had very high 
apparent activation energies ranging from 221-338 kJ/mol and 191-238 kJ/mol for pits 
and pulp, respectively. The specific surface areas of the pit bio-chars (>420m /g) were 
much higher than the pulp bio-chars (<15m2/g). The extraction of the phenolic 




The vast quantities of olive oil produced in the Mediterranean Basin yield an 
abundance of waste, from solid olive stone fragments to process water laden with organic 
compounds. This waste poses a disposal problem for two reasons: 1) its composition, 
and 2) its sheer quantity being confined to a small section of the world and a relatively 
short harvest period. The purpose of this work is to investigate new methods to create 
value from the solid waste of olive mill processing to mitigate the environmental impact. 
Specifically, the primary goal is to create a value-added product from olive mill waste 
that has already undergone supercritical fluid extraction to remove lucrative polyphenols. 
Two waste-to-byproduct conversion pathways are investigated: 1) the potential 
for conversion of the biomass to bio-oil with the simultaneous production of a 
carbonaceous char with high surface area, and 2) the direct oxidation of the waste as a 
solid fuel. The first utilization pathway results from the pyrolysis of the supercritical fluid 
extracted olive mill waste. Pyrolysis - the thermal decomposition of a solid in the 
absence of oxygen - is rapidly gaining attention as a potential thermochemical 
conversion unit operation to obtain high quality fuels from biomass. The overall process 
produces a mixture of gases, liquids, and solid (char), depending on the conversion 
method used. The second pathway - oxidation - is a commonly used disposal technique 
for organic waste, whereby the solid is introduced into a furnace or boiler and combusted 
to provide heat to generate steam or dry a process stream. 
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1.1 Olive Oil Processing 
Commercial-scale olive oil production dates back to the ancient Roman and 
Greek civilizations. Today, as the industry continues to expand, the ever-increasing 
amounts of waste produced are creating disposal problems. According to the International 
Olive Council (IOC), in the 2008/2009 harvest, the global production of olive oil 
amounted to 2.7 million metric tons. The Mediterranean Basin and the Middle East 
accounted for 97.6% of the total world olive oil production in the 2008/2009 harvest 
season (latest available data)1, with Spain alone accounting for nearly 40% of the total 
world olive oil production. The quantity of waste produced is about four times the 
amount of olive oil produced, meaning that over 10 million metric tons of waste are 
produced annually. The type of production process used dictates the quantity and type of 
waste produced. 
The olive harvest season lasts 3-4 months (usually between September and 
January), depending on location. The olives are harvested with stems and leaves still 
attached. They are brought to the facility, stored, and checked for quality. The next step 
involves washing the olives to remove as much debris as possible. This is followed by the 
grinding and mixing step, which crushes the olives into a homogeneous pulp (skin, pit, 
stem, and leaves). Water is usually added to this pulp, and the mixture is then sent to the 
olive oil extraction unit where the olive oil is separated from the waste streams via 
centrifuge2. 
The most modern processing techniques utilize either three-phase or two-phase 
decanter centrifugation systems. The composition of the by-product streams of olive oil 
production varies according to the separation method. The three-phase decanter 
2 
centrifugation system (left path of Figure 1) thoroughly separates the vegetative water 
(known as alpechin) from the solid by-product (known as orujo). The two-phase decanter 
centrifugation system (right path of Figure 1) maintains one by-product stream, a high-
moisture mixture known as alperujo (alpechin + orujo = alperujo). The more common 
terminology used hereafter to describe the different waste streams are olive mill waste 
water (OMWW) for vegetative water and olive mill waste (OMW) for the solid waste 
"pomace" in the three-phase centrifugation process. The incorporation of the solid by­
product in the vegetative water has a significant effect on the chemical composition of the 










Three-phase centrifugation system Two-phase centrifugation system 
I I I I 1 
Virgin oliveoil^ Water Pomace Virgin olive oil Water + Pomace 
(Alpechin) (Orujo) (Alperujo) 
Figure 1: Three-phase and two-phase decanter centrifugation system 
The final yield of olive oil depends on the manufacturing method. It is estimated 
that for every 1000 kg of olives entering a two-phase and three-phase centrifugation olive 
mill, 200 kg and 210 kg of olive oil are produced, respectively. There is about 0.2 m3 of 
added water per 1000 kg of olives in the two-phase technique versus 1 to 1.6 m3 of added 
3 
water per 1000 kg of olives in the three-phase technique4. The composition of the two-
phase centrifugation method uses less added water, but produces a single waste stream 
with a 60-70% moisture content compared to the solid olive cake in the three-phase 
method of 40-45% moisture5. The added water changes the method of disposal. Although 
these are rough estimates based on a certain processing technique, it is evident that there 
is a large amount of waste in olive oil production. 
Most of the 10.8 million metric tons of olive mill waste produced annually is 
concentrated in small pockets around the Mediterranean Basin. There are a number of 
methods that olive oil production facilities use to dispose of the waste, including both pre 
and post treatment methods. However, most of the current treatment methods fail to 
address the major issues concerning the olive mill waste, including its phytotoxicity. 
Phytotoxicity, which results from a high concentration of phenolic compounds, 
creates a major problem for OMW disposal. The majority of the polyphenols in olive oil 
processing are in the OMW, but there are also small amounts in the olive oil. 
Interestingly, although polyphenols in large doses are phytotoxic to plants, polyphenols 
in small doses are actually linked to positive human health benefits. Due to the free 
radical formation of polyphenols in the "Mediterranean Diet," the consumption of olive 
oil has been attributed to lowering the risks of coronary heart disease and certain 
cancers6'7. Hydroxytyrosol, the predominant phenolic compound present in olive oil and 
OMWW, has been proven to be one of the best reactive oxygen species scavengers. 
Reactive oxygen species are known to cause chronic diseases; eradicating these species 
Q 
should lower the risk of chronic diseases . Hydroxytyrosol currently sells for as much as 
$544 for 100 mg at 98% purity by Sigma-Aldrich9.The removal of polyphenols from the 
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OMW solves the phytotoxic disposal problem as well as possibly provides a revenue 
stream for the use of polyphenols in the health food, cosmetic, and pharmaceutical 
industries. 
1.2 Current Disposal Techniques of Olive Mill Waste 
We know today that OMW released into the environment can negatively impact 
soil and air quality. However, in many areas of the world, disposal methods for olive mill 
waste currently in use are technologically and environmentally outdated. The industry 
needs alternative methods of handling OMW. 
The recycling and disposal issues of olive mill waste (OMW) arise from the 
waste's high chemical oxygen demand (COD) and high phenolic content, in addition to 
the short season for harvesting olives. The COD varies in OMW from 40 to 220 g/L10. 
The COD indicates the amount of oxygen consumed by organic pollutants in water. The 
COD limit set for urban wastewater treatment plant effluents is 125 mg/L in the European 
Union1The high COD in OMW must be treated; otherwise, it poses a problem to 
aquatic plants and animals. The polyphenols present, which add to the COD, include 
hydroxytyrosol, tyrosol, caffeic acid, elenolic acid (among others) ranging in 
concentration from 0.02 g/L to 4 g/L in OMW12. The phenolic content in the waste has 
been shown to have a toxic effect on plant growth13. The harvest season is only 3-4 
months, which means a vast amount of waste is produced over a relatively short time 
period. Consequently, treatment of the waste is necessary to reduce its negative effects on 
the environment. 
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There are several methods currently used to dispose of OMW. In many regions of 
Europe, the solid waste is often spread as a fertilizer, but the net effect on crops is 
questionable. Many studies have been conducted on the effect of OMW on different 
crops. There are some types of crops that have significantly lower seed germination at 
large concentrations of OMW, but if the OMW is diluted, there is little to no phytotoxic 
effect. Low concentrations of OMW have been observed in some cases to increase the 
organic carbon; aggregate stability; available potassium; and cation-exchange capacity in 
soil, all of which aid crop production14. The main issue with dilution and distribution of 
the OMW as a fertilizer is the large amount of fertilizer produced in a short amount of 
time (3-4 month harvest). Using OMW as a fertilizer cannot be the sole method of 
disposal unless the waste is transported long distances to agricultural sites, thus 
increasing both costs and the carbon footprint of the waste. One of the oldest and most 
widely used methods is lagooning. Lagooning involves piping the OMW to a man-made 
evaporation pond where it resides for about 8 months. The sun evaporates most of the 
water, and the waste partially degrades over time. This method is advantageous because 
that little additional energy is needed to dispose of the waste; it needs little maintenance; 
and its operation requires only low capital investment15. However, there is growing 
concern about the environmental impacts of lagoons, including greenhouse gas emissions 
released as the waste degrades, lagoon leaks, and the foul odor produced. Leaks in the 
lagoon system are cause for concern, due in part, to the phototoxicity of the waste16. 
Aerobic digestion occurs naturally in lagoons when microorganisms break down 
the waste in the presence of oxygen. Aerobic digestion reduces the amount of solid 
material, but produces greenhouse gases in return. A common aerobic digestion process 
6 
is composting, a more controlled process than lagooning. In composting, air and moisture 
content are usually maintained at certain levels. Literature has shown that composting the 
OMW for 12 months reduced the phenolic content to only trace amounts17. Most lagoons 
and composting areas require vast amounts of land due to the large quantities of waste. 
Another issue with this disposal technique is the greenhouse gases emitted from the 
aerobic digestion. 
Anaerobic digestion is the process by which microorganisms break down 
biodegradable material in the absence of oxygen. This process is desirable when it comes 
to managing waste because it reduces the amount of solid material as well as provides 
renewable energy in the form of a biogas composed primarily of methane and carbon 
dioxide. Issues with anaerobic digestion arise from the phenolic compounds in OMW. 
These compounds slow down the biodegradation by the microorganisms and hinder the 
removal of COD, thereby lowering the process viability. Removal of the phenolic 
compounds through pretreatment methods allows anaerobic digestion of OMW18. There 
are several companies currently investigating this method for commercialization. 
Physical separation has a similar goal to that of lagooning. Physical separation 
incorporates removing most of the solids from the OMW to create a clean water stream 
that can be treated and a solid stream heavy in compounds with high biochemical oxygen 
demand (BOD) and chemical oxygen demand (COD)19. BOD is the amount of oxygen 
needed to aerobically break down organic material using biological organisms. COD is 
used more as a way to measure the amount of organic compounds in the solution. The 
physical separation process usually involves sedimentation, flotation, centrifugation or 
filtration. These methods concentrate most of the organic compounds into the solid phase. 
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Physical separation causes phytotoxic build-up in the solid waste similar to that of 
lagooning, and does not completely clean the water stream because polyphenols have a 
high affinity for the aqueous phase20. 
A disposal method that is of interest in some locations is combustion of the 
pomace (the solid OMW residue.) This process reduces the amount of waste and makes 
disposal easier, and it is almost completely self-sufficient. The process involves 
combusting the pomace and using the heat from combustion for evaporation of the water 
(80-90% by volume) from the incoming waste (liquid and solid) stream21. Most facilities 
go through an extra extraction step that takes the solid olive mill waste, separates the pits 
from the pulp, and then extracts the little remaining oil in the pulp, usually with hexane as 
a solvent. The pits contain little to no residual oil and are a very large percentage of the 
solids in the waste. Therefore, separating the pits from the pulp reduces the quantity of 
22 
solvent needed to extract the oils . Combustion reduces the quantity of waste, but the 
extent of combustion, the profile of volatilized compounds, and the disposal of ash must 
all be addressed to insure that this process is industrially and environmentally feasible. 
The kinetics of oxidation of OMW allow the calculation of mineral and carbon content in 
the waste, as well as provide the amount of energy required to oxidize the material. 
A new disposal method under investigation begins with the extraction of 
polyphenols from OMW using supercritical carbon dioxide. The antioxidant properties of 
polyphenols make them valuable in the health foods, cosmetics, and pharmaceutical 
industries, and polyphenol removal would reduce the phytotoxicity and COD of the waste 
stream. This method is in its optimization and pilot scale stage, though concerns remain 
about a large amount of solid waste, albeit less phytotoxic following polyphenol removal. 
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We propose to follow the extraction of polyphenols with the pyrolysis or oxidation of the 
remaining solid fraction. Pyrolysis or oxidation would allow the remaining waste to be 
fully utilized by either creating high energy valued fuels and products via pyrolysis, or 
utilizing the carbon fuel source in the extracted OMW via oxidation. This survey of the 
current disposal techniques for OMW shows that, in order to reduce the quantity of waste 
and minimize its impact on the environment, new disposal methods must be 
implemented. The thermochemical conversion of the supercritical fluid extracted OMW 
to a useable fuel and/or byproduct would further "green" the ancient practice of olive oil 
extraction by reducing environmental impact and creating a value-added product. 
1.3 Renewable Energy from Biomass 
The global push for renewable energy generates interest in the utilization of 
biomass to replace a portion of the traditional fossil fuels supplied by the petroleum 
industry. In 2006, only 7% of the world's primary energy consumption came from 
renewable energy sources, although renewable energy sources are projected to increase to 
10% of the world's primary energy consumption by 203023. Coal-fired power plants are 
often charged with being the world's primary anthropogenic source of carbon emissions 
to the environment24, whereas biomass is essentially CO2 neutral. The 2008 coal 
consumption in Europe was 12.5 quadrillion Btu. Europe is projected to reduce coal 
9 S 
consumption from 2008-2035 by 17% . The coal consumption can be reduced 
significantly by utilizing biomass wastes. Pyrolysis, which is also the first step in 
oxidation of a solid fuel, can be used to produce bio-oil or syngas that mimics petroleum-
9 
derived fuels. The combustion of the biomass allows many waste products to be burned 
on site to reduce waste and produce energy. OMW can be utilized in the Mediterranean 




The disposal of olive mill waste is a growing issue in Mediterranean Basin 
countries, especially Spain. The polyphenols composition of the waste gives rise to 
many of the problems associated with disposal, although it also provides the potential for 
a profitable venture. The extraction of polyphenols as a precursor to the disposal of the 
solid addresses the phytotoxic problem of OMW. One of the most promising methods to 
extract the polyphenols is CO2 supercritical fluid extraction, currently under investigation 
by the University of Milan, Italy. Although this method has advantages over other 
extraction techniques, it doesn't address the disposal of the solid waste remaining after 
the phenols are removed. To further mitigate the environmental impacts of OMW 
disposal, we are investigating the waste to byproduct conversion of the OMW stream 
through both pyrolysis and oxidation of the solid waste. 
2.1 Extraction of Polyphenols Present in Olive Mill Waste 
The olive mill solid waste stream consists of olive skins, pits, stems, leaves, and 
water. The olive oil, wastewater, and solid waste all contain soluble compounds; the 
compounds of the most concern are the polyphenols. 
Analysis of the phenolic content in olives and OMW from Spain, Italy, Portugal, 
and France was performed by Mulinacci, Romani and Galardi12. The polyphenols 
content found in ripe olives listed from high to low by country is as follows: Italy, 
France, Spain, and Portugal. The phenolic content of the waste was different from the 
content in the ripe olive due to the different processing methods used by each of the 
facilities and the time of olive harvest. The high phenolic content in the Italian waste 
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stream was attributed to the good storage of the material, which was lyophilized (freeze 
dried) immediately after collection, and the presence of a higher quantity of solids in the 
waste stream12. 
Table 1: Polyphenolic content in ripe olives and OMW12 
Country Polyphenolic content in ripe 
olive (g/kg olive) 
Polyphenolic content in 
commercial olive mill wastewater 
(mg/lOOmL) 
Italy 8.10 401.7 
France 2.86 2.5 
Spain 1.91 12.4 
Portugal 1.69 44.0 
The extraction of the polyphenolic compounds allows the potential downstream 
use of the polyphenols in the health food, cosmetic, and pharmaceutical industries. There 
are many different approaches to extracting the polyphenols from the OMW and 
OMWW. Most of the experimental methods previously investigated in the extraction of 
polyphenols are OMW from two-phase centrifugation separation. These methods include 
liquid-liquid extraction, solid-liquid extraction, adsorption, enzymatic removal, and 
supercritical fluid extraction. 
The difficulty in separating phenolic compounds from the OMWW comes from 
the hydrophilic and amphiphilic natures of the phenolic compounds. The partitioning 
coefficient describes the affinity of a compound to move out of water into a solvent. 
Partitioning coefficients between the oil and water phases (Kp) of the main components in 
20 
olive mill waste water (OMWW) were calculated by Panayotis et al. . The partition 
coefficients were all very low, thus showing that the phenols have a high affinity for the 
12 
water phase. The octanol-water partitioning coefficient (Kow) of hydroxytyrosol (HT), 
the most abundant polyphenol in OMWW, was found to be 1.1. K0w was calculated by 
dividing the concentration of HT in the octanol layer by that in the water layer after a 1 
mM solution of HT in water was saturated with octanol26. This low coefficient describes 
HT as being both hydrophilic and lipophilic (amphiphilic). The low partitioning 
coefficients of polyphenols imply that the polyphenols will be concentrated in the water 
fraction of the waste streams. The low partitioning coefficient create an issue with the 
separation of the polyphenolics from the waste, therefor limiting efficiencies of certain 
extraction techniques such as liquid-liquid and solid-liquid extraction. Thus, supercritical 
fluid extraction was explored. 
Supercritical fluid extraction (SCFE) is suitable for extracting polyphenols for 
human consumption because it eliminates the harsh solvents used in conventional 
extractions. A supercritical fluid is a gas above the critical pressure and temperature. In 
27 
most cases, the pressure is very high while the gas is kept around ambient temperatures . 
CO2 is the most common solvent used for SCFE because it is nontoxic, nonflammable, 
widely available, inexpensive at high purity, exhibits moderate critical conditions (31.1°C 
and 73.8 MPa), and can be easily separated because of its high volatility28. 
There are several advantages to SCFE over solvent extraction. The first is 
solvency power, which can be changed easily by adjusting operating conditions 
(temperature and pressure), which in turn change the extraction capacity and selectivity 
to extract the desired compounds. The near ambient temperatures of SCFE give it the 
advantage over conventional solvent methods, which run at higher temperatures because 
there is less thermal stress on the desired extract . 
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The main issue with SCFE is that it is usually limited to low or medium polarity 
compounds due to the low polarity of CO2. A co-solvent (modifier) can increase 
extraction efficiency immensely and can be used to reduce operating pressure, extraction 
time, and also for extraction of polar compounds29'30. The most common co-solvents are 
ethanol and methanol. Floch et al. found methanol to be a better co-solvent than ethanol 
for extracting polyphenols from olive leaves, but due to the toxicity of methanol, ethanol 
is preferred for downstream human consumption31. The extracted compound yield 
increases with constant temperature and increasing pressure, but decreases with 
32 increasing temperature at constant pressure due to the solvent density reduction . 
The advantages of SCFE have generated great interest in the health food, 
cosmetic, and pharmaceutical industries that want to create polyphenols products touting 
the human health benefits of polyphenols. The University of Milan has demonstrated the 
capability for supercritical CO2 extraction of polyphenols from OMW . Despite this 
process improvement, a large solid waste stream remaining after extraction still requires 
disposal. Samples of raw OMW, supercritical fluid extracted OMW, and supercritical 
fluid extracted with ethanol as a co-solvent OMW from the University of Milan were 
pyrolyzed and oxidized to investigate the conversion of the solid waste into a byproduct 
stream. 
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2.2 Pyrolysis of Biomass 
Biomass is renewable organic matter that includes wood, organic industrial and 
agricultural wastes, and municipal waste. Energy from biomass is recognized as a 
potential major source of renewable energy and currently accounts for 14% of the 
world's primary energy production34. Most of this energy comes from the fermentation of 
sugars in plants to create ethanol therefore, many biomass streams are not being utilized 
because of the lack of sugar content. There are two major pathways to create biofuels 
from biomass: thermochemical and biochemical conversion, as seen in Figure 2. 
Biochemical conversion involves digestion (aerobic and anaerobic) or fermentation. The 
thermochemical pathway decomposes the biomass structure via heat and varies from 
pyrolysis, combustion, liquefaction, and gasification. Thermochemically derived fuels are 
of greater interest when biochemical conversion is not a plausible option. An example is 










Figure 2: Thermochemical and Biochemical Conversion Pathways 
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Biomass is composed primarily of lignin and holocellulose (hemicellulose and 
cellulose). The composition of these fractions is important when considering what 
biomass conversion pathway to use because high lignin content is not favorable for 
biochemical conversion. Biochemical conversion focuses on the breakdown of the sugars 
in biomass. OMW on a dry basis has approximately 23.2% cellulose, 35.6% 
hemicellulose, 35.0% lignin and the remaining fraction residual oil and organic extract35. 
This content is slightly different from typical agricultural and woody biomass that contain 
30-60% cellulose, 25-35% hemicellulose and 15-30% lignin {34). 
The pyrolysis of biomass creates three streams of potential value in the forms of 
gas, liquid, and solid streams. The quantity of gas (syngas), liquid (bio-oil) and solid 
(char) depends on the type of biomass and pyrolysis method. The utilization of all three 
streams is considered a sustainable practice. There has been a significant amount of work 
done on the pyrolysis of raw OMW, but there is little information about OMW pyrolysis 
following extraction of the polyphenols. Equation 1 shows that biomass breaks down into 
two products when heat is added in the absence of oxygen. The volatiles are then cooled 
to get two products, the gases and the bio-oil. 
Heat 
Biomass —> Volatiles + Char (1) 
-Heat 
Volatiles »Gas + Bio — oil (2) 
Gaunt et al. investigated the overall energy inputs and outputs for the pyrolysis of 
five different feedstocks. The energy produced per energy input was in the range of 3-9 
MJoutout depending on the feedstock36. These calculations take into account field 
MJinput 
production, transportation and processing (pyrolysis). Gaunt et al. went on to investigate 
the use of the char as a soil additive rather than using it as an energy product, thereby 
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making the process carbon negative because most of the carbon remains in the char. The 
syngas and bio-oil produced from pyrolysis of OMW are energy dense products that have 
been previously investigated ' . 
A typical composition of syngas produced through the pyrolysis of OMW at 
550°C is given in Table 2. The majority of the gas is carbon dioxide and monoxide, but 
there are also substantial quantities of hydrogen, methane, ethane, and ethylene, which 
are all valued products. Larger particle sizes tend to give better syngas yields, while 
smaller particles tend to give better bio-oil yields. 
Table 2: Syngas composition from the pyrolysis of OMW37 
Molecule Composition 




C2H4 5.44 % 
C2H6 4.36 % 
The CO2 content is at about 50% on a dry basis in the gas phase. Lappas et al. 
found that a biomass (Lignocell HBS) with a moisture content of 8.2% by weight and a 
% composition by weight of 0.74 ash, 49.41 C, 6.73 H, 0.16 N and 42.96 O (calculated 
by difference) had about double the amount of water produced to the quantity of syngas. 
The syngas only had yields from 9-15% by weight. Most of the oxygen in the 
lignocellulosic biomass reacts with the hydrogen to produce water, but there is still a 
significant amount of oxygen left to form CO2. 
There are optimum methods to produce more bio-oil, which is desired if a liquid 
transportation fuel wants to be created. Efficient bio-oil production requires rapid 
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pyrolysis at moderate temperatures, short residence times, and high heating rates. The 
calorific value of bio-oil extracted from OMW was found to be as high as 29MJ/kg with a 
molecular formula of CH154N0.02O0.29, found using a Carlo Erba Elemental Analyzer35. 
The maximum oil yield of fast pyrolysis was found to be at a temperature of 550°C35. 
After the volatiles are released, there remains a significant amount of solid char, 
consisting of carbon and some mineral matter. The adsorption capacity of the raw OMW 
solid char and activated char as measured by previous researchers is summarized in Table 
3. Physical and chemical activation are both commonly used because pyrolyzed bio-chars 
usually have low initial surface areas. 
Adsorption is the adhesion of molecules of gas, liquid, or dissolved solids to a 
solid surface38. Adsorbents function by removing a desired compound from a fluid. Once 
the desired compounds are adsorbed onto the sorbent, a solvent can be run through to 
desorb the compounds from the sorbent into the solvent, which in turn regenerates the 
sorbent material. Adsorption techniques are ideal for lab scale testing and are widely used 
in industry because of their high efficiencies. 
The most common adsorbent is activated carbon, which is widely sold for water 
and waste treatment. Carbon-based adsorbents are usually formed via pyrolysis; they are 
the carbon-containing char remaining after devolatilization. Pyrolyzed char is usually 
activated through physical or chemical techniques and becomes activated carbon with 
high porosity and adsorption capacity. Commercial activated carbon is produced from a 
variety of materials, the most common being coal. Activated carbon can have specific 
surface areas of 500-1500 m2/g39. The definition of pore size is as follows: micropores 
are pores with a diameter less than 2nm; mesopores have a diameter of 2-50nm, and 
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macropores are pores with a diameter greater than 50nm40. Carbons with a higher fraction 
of mesopores favor polyphenol adsorption, while carbons with greater amounts of 
micropores favor total organic compound adsorption41. 
Physical activation occurs over two steps, the carbonation and activation. The 
carbonation of the material involves pyrolyzing the material at high temperatures in the 
absence of oxygen. The ideal pyrolysis temperature for the physical activation of raw 
OMW is 800-850°C because it creates carbon with the largest surface areas41'42. The 
carbonized material is exposed to CO2, air, or steam at high temperatures. The ideal 
physical activating condition to create the largest surface area for OMW is exposure to 
steam at 850°C42. In many cases, physical activation is preferred to chemical activation 
because it uses no harsh chemicals. 
Chemical activation of activated carbon is a one-step process. Chemical activation 
utilizes dehydrating agents without the benefit of steam or other oxidizing agents. The 
dehydrating agents are usually an acid, strong base, or salt. The agents are soaked into the 
carbon material, which is then carbonized at temperatures usually ranging from 400-
600°C. Chemical activation is preferred through most of Europe due to lower energy 
requirements43. KOH and H3PO4 have been thoroughly investigated for chemical 
activation processes of carbon. The results showed that KOH produced a higher surface 
area with more developed micro, meso, and macroporosity40. 
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Table 3: Literature Summary of Pyrolysis and Activation of Olive Mill Waste 
Article Title Biomass Pyrolysis Method Results Ref. 
Comparison of 
Activated Carbon and 
Pyrolyzed Biomass for 
Removal of 











Sludge had higher 
surface areas than 
OMW. OMW had 
surface areas >400 
m2g"' 
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Rapid Pyrolysis of 
Olive Residue. 1. 
Effect of Heat and 
Mass Transfer 
Limitations on Product 






21.41% H2, 13.86% 
CO, 3.39% CH4, 
51.54% C02, 5.44% 
C2H4, and 4.36% 
C2H6 at a pyrolysis 
temperature of 550°C 
Largest yield of bio-
oil at was 41.43% at a 
pyrolysis temperature 
o f 5 0 0 ° C  
37 
Catalytic pyrolysis of 







solid, liquid and gas 
phases. At lower 
temperature: larger 
yields of solid, 
medium temperature: 
larger yields of 
liquid, at high 
temperature: larger 
yields of gas 
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Production of 
activated carbon from 
olive bagasse by 
physical activation 
OMW Pyrolyzed at 
500°C with N2, 
heated to 750-
900°C with N2, 
then switched to 
steam for 
activation. 
The best results with 
high BET specific 
surface (1106 m2g"') 
and best porosity was 
at 900°C for 45min. 
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Treatment of olive 















at 800°C. Tested 
for phenol 
adsorption. 
The higher the 
mesoporosity the 
better the phenol 
adsorption, which is 
more important than 
surface area. Specific 
surface area (BET) 




activated carbon from 
olive mill 
solid residue 
OMW Pyrolyzed at 
800°C. Physically 
activated with 
COi, air and 
steam at 850°C. 
Steam was ideal for 
activation. Specific 
surface BET 
exceeding 1500 m2g_1 
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High added value 











Pyrolysis can be 
operated at less than 
600°C. Specific 
surface BET up to 
32.4 m2g"' 
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Chemical and physical 
activation of olive-mill 
waste water to produce 
activated carbons 
OMW Pyrolyzed the 
OMW for 1 hour 








KOH activation is 
ideal. Specific surface 




2.3 Kinetics of Pyrolysis 
There are three potential products obtained through the pyrolysis - or heating in 
an oxygen-starved environment - of biomass: energy-rich bio-oil, syngas, and solid 
char48. The temperature and heating rate of pyrolysis strongly affects the quantities of 
each product recovered45. The development of industrial devolatilization units requires a 
complete understanding of pollutant evolution and kinetics modeling49. 
Thermogravimetric analysis, or TGA, is often criticized for a lack of applicability 
to industry because it is often run at relatively slow heating rates (10-25°C/min). As such, 
we query the effect of heating rate on decomposition. Many kinetic studies of biomass 
pyrolysis show a reaction order of decomposition close to one; it is common in the 
biomass pyrolysis literature to apply this global or apparent reaction order to account for 
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all the reactions occurring simultaneously during pyrolysis34'50'51. By assuming an 
apparent reaction order of one, this enables determination of the pre-exponential factor 
(A) and apparent activation energy (Ea) via the Arrhenius equation of the form: 
k = A* exp (— (3) 
where k is the reaction rate constant, R the universal gas constant and T the absolute 
temperature. The decomposition rate, assuming the mass loss is a result of one or more 
first-order reactions, is given by equation 4 as: 
^ = f c * [ l - X ( t ) l  ( 4 )  
The temperature increases linearly with the heating rate using electric heating seen in 
equation 5. 
T = T0(l + at) (5) 
Equation 4 can be rewritten taking the heating rate into account to get equation 6. 
2j{2 = i. [1 - X(t)] (6) 
dT Where a is the constant heating rate — (K/s) and X(t), the fractional decomposition, is 
given by equation 7. 
m = (7) Ttl0~~Tflc 
where mc is the mass at complete decomposition, m0 the initial mass, and m, the mass at 
time t. 
Given the reliance of X(t) on the terminal mass, it is important to clearly identify 
the final mass after pyrolysis. To do so, samples were held at 600°C until the mass 
plateaued. The reaction rate constant, k, is a function of temperature; a plot of the natural 
log of k versus inverse temperature allows the determination of the apparent activation 
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energy and pre-exponential factor. The slope of this plot is equal to —^ and the intercept 
is ln(/0. The apparent activation energy and pre-exponential factor are key data used to 
determine the reaction model for a given material. In industry, information that details the 
dependency of reaction rates on temperature and ramp rate is crucial to designing 
efficient thermal processing units52. During rapid pyrolysis, the relative rates of 
decomposition, cracking, and condensation reactions influence the quantity, quality, and 
long-term stability of biofuel produced53. 
Biomass materials consist primarily of holocellulose and lignin material. 
Holocellulose is the combination of cellulose and hemicellulose. The structures of 
cellulose and hemicellulose (xylose being the main component of hemicellulose) are 
(C6Hio05)n and (C5Hi0O5)n respectively54. The average formula of lignin is 
C9H8.702.9(0CH3)x with x varying from 1.30 to 1.5755. The decomposition and cracking 
are achieved by breaking down the lignocellulosic material to create hydrocarbons and 
gases. 
Pyrolysis is the precursor to oxidation and gasification. As a precursor it usually 
occurs under rapid conditions where the gas has a residence time of less than 2 seconds 
and the end temperatures are between 400°C to 600°C. Rapid pyrolysis is of growing 
interest because the compounds produced are close to that of fossil fuels56. The gases, 
bio-oils, and chars can be recovered or, more commonly, burned to generate energy. 
Pyrolysis occurs almost instantaneously during the overall oxidation/burning process of 
biomass. The flames combust the volatiles released by the solid fuel. Then the residual 
carbon in the char oxidizes last. An analysis of the kinetics of pyrolysis and oxidation, 
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which indicates the amount of energy needed to thermally decompose the material, is 
important for the design of industrial devolatization processes. 
2.4 Surface Area and Reactivity 
Adsorption surface area, the total available surface to which a gas or liquid 
molecule can adhere, is determined by a material's structure. Materials with large surface 
areas tend to be very porous and have very small particle sizes. Large surface areas are a 
key adsorbent characteristic because a higher quantity of adsorbate can be deposited on 
the surface before the adsorbent needs to be replaced or regenerated. The particle size is a 
strong determinant in surface area of a material along with the cracks, crevices, and pore 
network within each particle. 
There are many different theories used to calculate a material's surface area. The 
most common theory used to describe the surface area of carbonaceous materials 
determined via physical adsorption (physisorption) is BET theory. The BET name is 
derived from its founders, Brunauer, Emmett, and Teller. This theory involves using the 
Langmuir theory, which describes only one molecular layer of gas adsorbing onto a 
surface, and applying it to a multi-molecular layer model57. 
Equation 8 relates the rate at which the molecules strike the surface of the 
adsorptive material to the rate at which they depart from the surface this material. 
Where Va is the quantity of gas adsorbed at pressure P, Vm the total quantity adsorbed 
when the surface is covered with a single molecular layer of gas and b is an empirical 
constant. This equation can be rearranged into linear form seen in equation 9. 
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JL — 1 ^ _L 
Va Vm.b Vm (9) 
A plot of P/Va vs. P in a linear relative pressure range P/PQ of 0.05-0.3 gives a slope of 
1/Vm and an intercept of 1/Vmb. After the Vm is calculated, it can be applied to the 
calculation of the specific surface area, which by definition is the area per gram of 
material. For carbonaceous materials, the mass of adsorbent is normalized by the mass of 
the carbon in the sample. The surface area can then be calculated using the Vm calculated 
above. 
where s is the specific surface area, a is the surface area occupied by a single molecule of 
the adsorbate gas (constant depending on which gas is utilized), NA is Avagadro's 
number, m the mass of adsorbent material, and Va the molar volume of the gas (22414 
•3 
cm ). Equation 10 then simplifies to equation 11 because NA, Va and m are constants. 
The specific surface area of a sample is the accessible area of solid surface per unit mass 
of material. Industrially speaking, this is a more relevant basis on which to compare 
adsorbent materials because the surface area provides the adsorption capacity of the 
material and allows the quantity of material needed to be calculated. 
There are six basic isotherms, as outlined by Gregg and Sing, which describe 
different types of porosities. Type I, seen in Figure 3, represents microporous materials, 
which correspond to the OMW biochar. This isotherm shows that the majority of the gas 
is adsorbed at relative pressures up to 0.1. The BET theory normally describes 
s (11) 
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mesoporous structure in the 0.05 to 0.3 relative pressure range, but it can be modified for 








Figure 3: IUPAC Classification of Adsorption Isotherms59 
There are a few adsorption theories that directly address the issue of micropores. 
This is due to the fact that micropores tend to be about one gas molecule in diameter, 
which makes other theories invalid. The Dubinin-Astakhov (D-A) analysis is an 
empirical equation used specifically for microporous materials described as: 
™ = <12> 
where W is the quantity adsorbed at relative pressure P/P0, W0 the limiting micropore 
volume, P is the affinity coefficient, Ea is the characteristic energy of adsorption, and A is 
the adsorption potential described by equation 13. 
A = RTln{-iP~) (13) 
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Combining these two equations gives 
|„(W) = |„M, <14> 
where n is selected to give the best linear regression fit, which normally falls between 1 
and 357. 
Another commonly used method for microporous materials is the MP 
(microporous) method. This method uses a t-curve, which is a plot of Va vs t, where Va is 
the quantity of gas adsorbed at pressure P and t is the film thickness. An example of this 
curve was given by Brunauer, as seen in Figure 4. The tangent of the first point along the 
curve is forced through zero. This first slope, Va/t, is the total micropore surface area; the 
second point's slope is the total micropore surface area of the unfilled pores to that point; 






Figure 4: Example t-curve used for MP Analysis60 
This method allows the analysis of the pore volume Vp between any tangential points as 
given in equation 15. 
Y jTSn~Sn+lXfn"*"En+l)j (15) 
Sn and Sn+i are the surface areas of the slopes of the tangents, tn and tn+j are the film 
thicknesses at points n and n+1, and K is a constant that converts the gas volume to liquid 
volume and A to centimeters57. The BET theory is widely used to describe mesoporous 
materials, especially carbonaceous materials, but the D-A and MP methods are preferred 
when analyzing microporous materials. 
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Analyzing the surface area is important in determining the adsorption capacity of 
a carbonaceous material, which relates to the reactivity of that material. An alternative 
method to determine the relative number of accessible active sites is using the "Critical 
Temperature" (Tcrit). This method involves TGA, in which the rate of mass loss is 
measured with respect to temperature at a constant heating rate. The Tcrjt is the 
temperature at which the rate of mass loss is 0.065 —Smassiossatr Qn a cjiar basjs6! 
9total  mass ioss**711** 
The Tcrit gives a relative value of reactivity of the char. The lower the temperature, the 
more reactive the char, meaning that it has a higher number of accessible active sites. The 




The composition of the olive mill samples is important to the pyrolysis and 
oxidation kinetics. The polyphenols content of the OMW was analyzed to gauge the 
effect of supercritical extraction on the waste. The effects of particle size, extraction 
methods, heating rate, and type of waste (olive pulp and olive pit) on the pyrolysis and 
oxidation kinetics were observed to find the ideal conditions with the lowest apparent 
activation energy. This involved separating the olive pit from the pulp, grinding the 
samples, sieving the samples, and using thermogravimetric analysis to study the thermal 
decomposition kinetics under inert and oxidative atmospheres. The specific surface areas 
of the samples were measured to gauge their adsorption capacities. This holistic analysis 
of the olive mill waste stream will help determine how best to utilize all parts of the 
waste stream by creating byproducts through thermochemical decomposition. 
3.1 Olive Mill Wastewater Samples 
The olive mill waste samples were obtained by Veolia Water Solutions and 
Technologies from a three-phase centrifiigation olive oil processing facility in the 
Calabria region of southern Italy. The University of Milan extracted the polyphenols 
from the waste using two supercritical fluid extraction methods: one with pure 
supercritical CO2, SCFE, and the other using ethanol as a co-solvent, SCFE+EtOH. 
These two samples and the raw untreated OMW were analyzed for waste to byproduct 
conversion using pyrolysis and oxidation. The SCFE conditions are given in Tables 4 and 
5. 
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Table 4: CO2 Supercritical Fluid Extraction Conditions 
Pressure 250 bar 
Temperature 70°C 
C02 Flow 80 kg/h 
Total Load 7300 g 
Basket Volume 13.9 L 
Density 0.53 g/cmJ 
Table 5: C02 + Ethanol co-solvent Supercritical Fluid Extraction Conditions 
Pressure 250 bar 
Temperature 70°C 
CO2 Flow 80 kg/h 
Total Load 7260 g 
Solvent 1500 g 
Basket Volume 13.9 L 
Density 0.53 g/cm3 
3.2 Polyphenol Composition of Raw and Extracted Olive Mill Waste 
The composition of the raw untreated and supercritical fluid extracted olive mill 
wastes was conducted by the University of Milan via HPLC33. HPLC analysis was 
performed on a Finnigan Thermo Surveyor instrument, constituted by a LC pump Plus, 
an Autosampler Plus and a PDA Plus diode array detector settled on 280 nm fixed 
wavelength and in scan mode. A Nova-Pak CI8 column (300mm x 3,9mm, 4|im -
Waters) was used at room temperature with a 90 min gradient of water/acetic acid (98/2) 
(solvent A) and 0.5% of acetic acid in water/acetonitrile (solvent B) at a flow rate of 0.8 
ml/min and 10 (il injection volume. The gradient program was operated from 10% to 
15% of B from 0-10 min, held for 3 min and increased in a linear gradient to 100% (10-
65 min)33. 
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The polyphenolic content of the raw olive mill waste was 2.08 gpo'yphe"°'s. The 
k U waste 
product streams after CO2 supercritical fluid extraction can be seen in Table 6. There are 
three fat fraction streams that contain much of the residual oils and lipids. These fractions 
are very high in polyphenols as seen in Table 7, but because the streams are so small they 
have a very small effect on the overall quantity of polyphenols. 
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gallic acid mg kg"1 216.5 937.6 751.4 760.1 
2,4 dihydroxybenzoic acid mg kg"1 12.4 138.9 141.4 41.3 
hydroxytyrosol mg kg"1 30.4 128.4 147.5 36 
4 hydroxybenzoic acid mg kg"1 57.6 345.2 339.9 133.9 
tyrosol mg kg"1 158.7 463.6 419.4 416.6 
caffeic acid mg kg"1 29.6 214.1 288.9 78.3 
chlorogenic acid mg kg"1 457.4 2111.7 2577.3 921.5 
vanillic acid mg kg"1 196.7 1035.4 951.5 860.4 
syringic acid mg kg"1 167.7 722.9 678.7 572 
ferulic acid mg kg"1 329.4 249.7 2088.4 22.5 
trans-p-coumaric acid mg kg"1 53.2 286.2 356.6 49.1 
luteolin-7-p-glucoside mg kg"1 102.5 710.7 521.6 74.4 
oleuropein aglycone mg kg"1 100.7 135 424 352 
oleuropein mg kg"1 78.5 572.6 543.2 342.1 
cinnammic acid mg kg"1 207 2543.6 1700.6 1543.2 
luteolin mg kg'1 58.1 972.9 431.3 650.2 
Total gkg"' 4.1 30.5 27.2 19 
32 
Due to the large quantity of ethanol that is added to the C02 supercritical fluid 
with ethanol as a co-solvent extraction (>20% by mass) the product streams are a lot 
different. There are only two streams: an exhaust pomace and an aqueous emulsion with 
ethanol and lipids. The streams by weight percent can be seen in Table 8. The emulsion 
was then separated to analyze the polyphenols composition of the fat fraction and 
aqueous extract seen in Table 9. 
Table 8: CO2 + EtOH Supercritical Fluid Extracted Product Streams by Weight Percent33 
Aqueous Emulsion 




Table 9: Polyphenolic Composition of Product Streams from CO2 + EtOH Supercritical 
Fluid Extraction33 
Aqueous extract Fat fraction 
gallic acid mg kg"1 178.7 124.8 
2,4 dihydroxybenzoic acid mg kg"1 17 102.8 
hydroxytyrosol mg kg"1 34.6 52.1 
4 hydroxybenzoic acid mg kg"1 42 72.7 
tyrosol mg kg"1 83.1 269.1 
caffeic acid mg kg"1 29.7 45.3 
chlorogenic acid mg kg"1 244 77.5 
vanillic acid mg kg"1 180.7 108.9 
syringic acid mg kg"1 126.5 86.5 
di-hydroxytyrosol mg kg"1 1915.4 1135.5 
ferulic acid mg kg"1 282.9 128.2 
trans-p-coumaric acid mg kg"1 37.6 41.8 
luteolin-7-p-glucoside mg kg"1 78.9 20.6 
oleuropein aglycone mg kg 1 79.9 10.9 
oleuropein mg kg"1 112.6 32 
cinnammic acid mg kg"1 213.3 123 
luteolin mg kg"1 120.1 52.8 
Total g kg"1 3.8 2.5 
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The composition of SCFE and SCFE + EtOH are going to be a lot different 
because more of the phenolic compounds are removed when EtOH is used as a co-
solvent. In both cases most of the water in the material is being removed into the aqueous 
extract phase. The structure of some of these compounds can be seen in Table 10. 
Table 10: Sample Experimental Structures of Compounds Tested 
Chemical Structure Compound CAS# MW 
168.15 





g/mol Tyrosol 501-94-0 
HO 
194.18 








OH Caffeic Acid 331-39-5 
HO 
3.3 Kinetic Analysis of Pyrolysis and Oxidation of Olive Mill Waste 
The apparent activation energies of the pyrolysis and oxidation of the pulp and 
pits of Raw OMW, SCFE OMW, and SCFE + EtOH OMW were determined using 
nonisothermal thermogravimetric analysis on a Mettler Toledo TGA/DSC 1. Between 5 
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and 15 mg of each sample was loaded into a clean 70nL alumina crucible. Samples were 
pyrolyzed (oxidized) under 50 mL*min'' of N2 to provide an oxygen-free environment 
(and run in air at the same flow rate for oxidation). The method started by heating the 
OMW to 110°C and holding it at 110°C for 20 minutes to drive off water and purge 
oxygen from the system. The samples were then cooled down to 25°C with continual 
nitrogen (air) flow. The analytical step was carried out under constant nitrogen (air) flow 
between 25°C and 600°C and held at 600°C for 15 minutes, with heating rates of 
10°0min"' and 100°0min"' to query the effect of heating rate on the apparent activation 
energy for each olive waste material. Each sample was repeated 3 times and a standard 
deviation of the three trials was calculated. For oxidation experiments, the same heating 
method was employed, but instead under constant air supply. The mass of the sample was 
logged every second to the 10"6 grams, along with time and temperature, accurate to 
0.01°C. 
3.4 Surface Area Analysis 
The pyrolyzed samples were prepared in an inert nitrogen environment (200 
mL/min flow rate) in a 1" tube furnace. The OMW samples were heated under nitrogen 
to and held at 110°C for 1 hour to drive off any moisture. The samples were then heated 
at a rate of 20°C/min to 400°C or 600°C to produce the desired char. 
The surface area and porosity of pyrolyzed pulp and pits of Raw OMW, SCFE 
OMW, and SCFE + EtOH OMW at particle size fractions of 125-300(jm and 300-500jim 
were determined using a Micromeritics ASAP 2020 Sorption Analyzer. A ~400mg 
sample was degassed at 300°C for 10 hours under high vacuum to remove any gases and 
vapors on the surfaces of the sample. The sample was then transferred from the degasser 
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to the analyzer to determine the surface area and porosity through nitrogen adsorption at 
77.35 K. Nitrogen adsorption at 77.35 K is the most common physisorption method. 
Essentially, the quantity of gas adsorbed onto the clean surface, Va, is measured at a 
constant temperature of 77.35 K (temperature of liquid nitrogen) with varying the relative 
pressure in the sample container. 
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CHAPTER 4 
RESULTS AND DISCUSSION 
4.1 Pyrolysis of OMW Samples 
A kinetic analysis of pyrolysis decomposition is very important for the design of 
devolatization units. The apparent activation energy (Ea) is calculated using the Arrhenius 
equation to find the energy input that must be met to devolatilize the OMW. There are 
several different factors that influence the apparent activation energy of the pyrolysis of 
biomass, including particle size, heating rate, and composition of the biomass. One of the 
main factors considered in this body of work was the effect of extraction method used to 
treat the OMW on the apparent activation energies for pyrolysis, as the extraction method 
affects the composition of the OMW and likely the physical structure of the solid due to 
the harsh extraction conditions. Because of this, we hypothesized that we would see 
different apparent activation energies, as well as porosities, for the two types of extracted 
OMW vs. the raw waste. 
It is important to observe the temperature range at which the mass loss occurs 
during pyrolysis, so that the proper slopes in the Arrhenius plot can be detected for 
determination of the apparent activation energies. The mass loss curve in figure 5 
displays the mass loss fraction vs. the temperature, which allows the visualization of the 
temperature range when most compounds are volatilized. About 60% of the mass loss 
occurs in the range of 550K to 650K at 100°C/min for the SCFE pulp. The same sample 
at a heating rate of 10°C/min (Figure 5) shows that 60% mass loss occurs between 525K 
and 61 OK. This suggests that there is some decomposition delay at higher heating rates 
caused by heat and mass transfer limitations. This delay causes the apparent activation 
energy to be higher at lower heating rates. This can be attributed to heat and mass transfer 
limitations because there is going to be a slight temperature gradient from the outside to 
the inside of the particle. At higher heating rates, the particle doesn't have as much time 




















300 400 500 600 
Temperature (K) 
700 800 900 
Figure 5: Total mass loss fraction of SCFE OMW pulp during slow pyrolysis (10°C/min) 
and fast pyrolysis (100°C/min) 
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The Arrhenius plot for a first order reaction of ln(k) vs. 1/T shows two or three distinct 
slopes, depending on the OMW composition and heating rate. This is observed in Figure 
6 and Figure 7. Figure 6 shows two distinct slopes - or mass loss temperature regimes -
from the pit fraction of the olive, while Figure 7 shows three slopes for the pulp fraction. 
This is due to the composition of OMW. Yang et al. found the decomposition of 
hemicellulose occurs at 220-315°C, cellulose at 315-400°C and lignin within a wide 
range of 160-900°C63. Thus each slope in Figure 7 can be attributed predominantly to 
hemicellulose, cellulose, and lignin. 
-3 




>||  Slope 1 
' I ,  
-8 
0.0016 0.00165 0.0017 0.00175 0.0018 0.00185 0.0019 0.00195 0.002 
1/T (1/K) 
Figure 6: Arrhenius plot for Raw OMW Pit 125-300 |im at a 10°C/min heating rate with 
two distinct mass loss regimes 
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-7.5 1 1 1 1 
0.0013 0.0014 0.0015 0.0016 0.0017 0.0018 0.0019 0.002 0.0021 
1/T (1/K) 
Figure 7: Arrhenius plot for Raw OMW Pulp 125-300 nm at a 10°C/min heating rate 
with three distinct mass loss slopes 
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Two particle sizes, 125-300 (jm and 300-500 ^m, were analyzed to observe the 
effect of particle size on the apparent activation energy. It was observed by Van de 
Velden et al. that there are mass transfer limitations in the pyrolysis of larger particles. 
Larger particles and higher heating rates cause a temperature gradient from the outside to 
the center of the particle. The apparent activation energies of the different particle sizes 
observed in Figure 8 show that larger particles have lower apparent activation energies 
for olive waste pulp. However, the olive waste pits showed the opposite trend; the larger 
the particle, the higher the apparent activation energy (Figure 9). 
The effects of extraction method can also be observed in Figures 8 and 9. The 
lower temperature fraction is the temperature range within which the first apparent 
activation energy was calculated. The raw untreated olive mill waste pulp has 
approximately a 10% higher apparent activation energy than SCFE and SCFE + EtOH. 
This is likely due to the composition change that occurred during the extraction. Either 
the lignin and cellulosic materials were broken down and/or the removal of the 
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Figure 8: Particle size comparison of the low temperature (475K-630K) fraction @ 
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Figure 9: Particle size comparison of the low temperature (475K-575K) fraction 
100°C/min heating rate of OMW Pit 
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The pulp waste samples were ground using a commercial coffee grinder. The 
olive pits in the OMW were too hard to be ground by a coffee grinder, so the pits were 
separated and ground in a ball mill. These pits were analyzed as a separate material and 
compared to the pulp fraction seen in Figure 10. The pits have very large initial apparent 
activation energies compared to that of the pulp. The pits also had much higher apparent 
activation energies for each material fraction. This is likely caused by the lignocellulosic 
composition and density of the pit. The pit has much higher cellulosic composition than 
the pulp seen in Table 11, with the remaining composition being water and mineral 
content. 
Table 11: Percent composition of OMW (Pit and Pulp)64 
Pit (%) Pulp (%) 
Cellulose 18.6 12.1 
Hemicellulose 25.1 12.2 
Lignin 39.3 43.3 
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Figure 10: Olive pit vs. pulp @ 10°C/min heating rate with a particle size from 300-500 
|im 
The total mass loss (XL) and apparent activation energy (Ea) of each temperature 
fraction of pyrolyzed pulp and pit are given in Tables 12 and 13. To provide an estimate 
of measurement error, the standard deviation of the apparent activation energy was 
calculated from three repeated trials. Table 12 shows that the low and mid temperature 
fractions are indistinguishable at the higher heating rate of 100°C/min, meaning that the 
low temperature and mid temperature fraction have merged into one slope and only show 
one apparent activation energy. This is also why the mass loss of the low temperature 
mass fraction at 100°C/min is about the same as the mass loss in the low and mid 
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temperature mass fractions at 10°C/min combined for all pulp samples. The apparent 
activation energies presented in Table 12 fall within values of raw pyrolyzed OMW 
under 500 |im presented by Chouchene et al. (84 ± 9 kJ/mol). 
Table 12: Pyrolyzed Pulp Apparent Activation Energies and Mass Losses 
Low Temp Fraction Mid Temp Fraction High Temp Fraction 
Ea xL Ea xL Ea XL 
Raw 
10°C/min 
125 Avg 74.5 ± 0.7 0.30 87.6 ± 0.3 0.38 6.5 ± 1.7 0.22 
300 Avg 68.9 ± 0.7 0.30 85.3 ± 2.0 0.33 11.6 ± 1.9 0.27 
SCFE 
10°C/min 
125 Avg 58.5 ± 0.9 0.30 81.4 ± 1.0 0.33 2.5 ± 1.9 0.27 




125 Avg 63.8 ± 0.9 0.28 80.8 ± 0.4 0.33 13.3 ± 2.6 0.29 
300 Avg 64.2 ± 0.9 0.26 72.3 ± 0.7 0.32 28.9 ± 3.6 0.31 
Raw 
100°C/min 
125 Avg 69.6 ± 1.0 0.64 14.4 ± 1.2 0.18 
300 Avg 68.9 ± 0.9 0.58 22.3 ± 1.4 0.19 
SCFE 
100°C/min 
125 Avg 61.4 ± 0.3 0.64 10.0 ± 0.6 0.19 




125 Avg 61.8 ± 0.1 0.63 16.5 ± 0.7 0.19 
300 Avg 60.7 ± 0.3 0.59 30.4 ± 3.6 0.23 
The difference in apparent activation energies of the pit of the olive is very 
important to the olive oil industry because in many processes the pit is separated from the 
pulp for an extra oil extraction step on the pulp. This means that looking at the pulp and 
pit separately helps to determine if one is more valuable than the other. Observed in 
Table 13, the apparent activation energies of the pit were much higher than that of the 
pulp. The mass loss in the low temperature fraction also tended to be much lower than the 
mass loss in the low temperature fraction of the pulp. This is due to the lignocellulosic 
composition (as seen in Table 11). Table 14 illustrates that at higher heating rates there is 
a tendency to have more total mass loss. There is only a very small difference (<1%) in 
these total mass losses. This means that about 65% of the biomass volatilized, either 
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becoming bio-oils or gases. Of the char left (35% of total biomass), a little more than 
20% was mineral matter seen in Table 18. The mineral content was determined by 
oxidizing the char and measuring the residual mass. The apparent activation energies for 
pyrolyzed pits were closer to that of wood waste. The pits are very hard and dense, 
similar to wood. Birch and pine wood pyrolysis apparent activation energies are between 
100 and 120 kJ/mol, which is in the same range as the pyrolyzed pits (91-136 kJ/mol) 
shown in Table 13 65. 
Table 13: Pyrolyzed Pit Apparent Activation Energies and Mass Losses 
Low Temp Fraction Mid Temp Fraction High Temp Fraction 
Ea xL Ea x,. Ea xL 
Raw 
10°C/min 
125 Avg 113.4 ± 0.8 0.23 101.6 ± 0.3 0.42 
300 Avg 115.2 ± 3.5 0.22 99.1 ± 2.0 0.39 
SCFE 
10°C/min 
125 Avg 94.1 ± 0.6 0.22 78.1 ± 0.7 0.48 14.4 ± 1.3 0.20 




125 Avg 116.4 ± 0.1 0.25 78.6 ± 0.5 0.41 
300 Avg 129.0 ± 0.5 0.23 92.7 ± 1.2 0.37 
Raw 
100°C/min 
125 Avg 110.6 ± 1.8 0.23 95.1 ± 0.3 0.39 
300 Avg 113.8 ± 6.0 0.23 98.9 ± 2.0 0.37 
SCFE 
100°C/min 
125 Avg 91.0 ± 1.1 0.22 73.7 ± 1.0 0.42 18.9 ± 0.5 0.15 




125 Avg 114.4 db 1.2 0.23 68.5 ± 1.3 0.32 
300 Avg 136.9 ± 0.9 0.27 103.7 ± 1.8 0.35 
Table 14: Total Mass Loss Fraction during Pyrolysis 
Pulp Pit 
Particle Size 10°C/min 100°C/min 10°C/min 100°C/min 
Raw 125-300 0.634 0.654 0.696 0.686 
300-500 0.638 0.664 0.658 0.662 
SCFE 125-300 0.648 0.665 0.689 0.682 
300-500 0.658 0.684 0.691 0.697 
SCFE + EtOH 125-300 0.657 0.662 0.700 0.697 
300-500 0.669 0.674 0.685 0.696 
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The effect of the heating rate was investigated to see the difference of fast 
pyrolysis and slow pyrolysis on the apparent activation energy. The apparent activation 
energy increases with slower heating rates, as illustrated in Figure 11. As discussed 
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Figure 11: Pulp Comparison at Two Heating Rates with a Particle Size from 125-300 jim 
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The apparent activation energies required to decompose the olive mill waste 
samples depend on the conditions of pyrolysis. For example, higher heating rates result in 
lower apparent activation energies. Particle size has a small, but noticeable effect on the 
energy required to devolatilize the material; larger particles had lower apparent activation 
energy for the pulp, but had higher apparent activation energy for the pit. The 
composition of the lignocellulosic material has a large effect on the apparent activation 
energy. The pulp of the OMW had much lower apparent activation energies than the pits. 
Overall, the raw untreated OMW had higher apparent activation energies than that of the 
SCFE treated wastes, regardless of particle size, heating rate, or pit/pulp sample. 
To probe the potential mass and heat transfer limitations previously discussed, the 
SCFE pulp and pit samples were ground to a smaller particle size (<125 |im) and run at 
l°C/min. The 125-300 |itn fraction was also run again at smaller sample loading sizes (2-
4 mg) to minimize potential mass diffusion limitations. Di Blasi found the importance of 
biomass particle size during pyrolysis to be negligible if the particle size is less than 200 
jim66. This is because the Biot number is less than l34. The Biot number or Bi-number is 
a dimensionless number that is used in heat transfer calculations described by the 
following equation: 
= (16) 
Where h is the heat transfer coefficient, Lc the characteristic length and kb the thermal 
conductivity. The Biot number describes the internal resistance to heat penetration over 
the external resistance to heat transfer. The heat transfer coefficient depends on the solid-
w 
gas contacting mode and ranges from ten to several hundred depending on 
material34. The characteristic length is the volume of the body divided by the surface 
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area. The kb of biomass varies from 0.03 - 0.4 depending on the type of biomass . If 
the Biot number is less than 1 the body of the particle is assumed to have a negligible 
thermal gradient. The samples at smaller particle sizes seen in Table 15 shows that there 
is a very small difference in apparent activation energies between particles ranging from 
<125 pm to 125-300 pm, which is in agreement with Di Blasi because most of the 
particles are going to be less than 200 pm. This also agrees with Van de Velden et al. 
who found that the Biot number increases from less than 1 to greater than 1 in the 
transition between 200 pm and 400 pm for sawdust biomass. 
Table 15: Low Quantities of OMW Sample (2-4 mg) at l°C/min and 10°C/min 
Low Temperature Region 
Slope Ea (kJ/mol) Intercept A 
l0C/min Pulp <125|im -9566 79.53 9.60 1.5E+04 
10°C/min Pulp 125-300 |im -8824 73.37 9.31 1.1E+04 
Middle Temperature Region 
Slope Ea (kJ/mol) Intercept A 
1 °C/min Pulp <125nm -9206 76.55 8.59 5.4E+03 
10°C/min Pulp 125-300 |am -9039 75.15 9.48 1.3E+04 
High Temperature Region 
Slope Ea (kJ/mol) Intercept A 
l°C/min Pulp <125(im -3915 32.56 -3.15 4.3E-02 
10°C/min Pulp 125-300 \xm -3542 29.45 -0.76 4.7E-01 
Vamvuka et al. tested sample loading sizes in a range from 20-25 mg samples on 
a Perkin Elmer TGA-6 to reduce the mass transfer and heat transfer effects68. The 
quantities of these samples were slightly higher than the range of our first tests of 5-15 
mg. The thought process behind these sample loading quantities is that as sample 
quantities become too small it becomes difficult to get a uniform sample distribution. 
Vamvuka et al. found that particle size only had a small effect on the proximate analysis, 
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the analysis of quantity of volatiles and char, but the heating rate had a larger effect on 
the proximate analysis. As particle size decreased the quantity of volatiles increased and 
the fixed carbon decreased. The difference in heating rate from 10°C/min and 100°C/min 
showed that the higher heating rate had higher volatile yield68. Both of these factors were 
attributed to heat and mass transfer limitations. Table 16 describes the difference between 
a sample between 2-4 mg and one at 5-15 mg. The difference seen in the low temperature 
region is of particular interest because the 2-4 mg sample shows a 15 kJ/mol difference in 
apparent activation energy than the 5-15 mg samples. The large difference seen in the 
high temperature region caused by the change in loading size can likely be attributed to 
mass and heat transfer effects. 




Region (kJ/mol) xL 
Middle Temp 
Region (kJ/mol) XL 
High Temp 
Region (kJ/mol) xL 
5-15 mg 58.5 ± 0.9 0.30 81.4 ± 1.0 0.33 2.5 ± 1.9 0.27 
2-4 mg 73.4 0.21 75.1 0.38 29.4 0.28 
In industry significantly larger loading quantities are used because larger samples 
are more uniform in composition from run to run. The change in this mass loss fraction 
column of the low temperature region seen in Table 16 could be a source of error caused 
by a non-uniform low quantity sample. The mass losses between the two sample loading 
sizes both show the highest mass loss in the middle temperature region and highest 
apparent activation in this region, but large variations in the high and low temperature 
regions cause concern of mass and heat transfer resistances. 
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4.2 Oxidation of OMW Samples 
The oxidation of biomass is a two-step process in which the lignocellulosic 
structure breaks down thermochemically. Oxidation begins with the lignocellulosic 
compounds volatilizing and then oxidizing, leaving a residual char. This is followed by 
the oxidation of the carbon remaining in the char, which takes more energy than the 
volatilization and oxidation of volatiles. The char in the carbon reacts with the oxygen in 
the air to become carbon dioxide. In this study, the total mass loss fraction as a function 
of temperature shows two distinct zones (two-steps), displayed in Figure 12. The total 
mass fraction excludes the mineral content in the biomass because none of this 
volatilizes. It is the fraction of the mass lost. Zone 1 is the combined devolatilization, and 
zone 2 is the oxidation of the char69. These results are very similar to those of Chouchene 
et al., who analyzed the effects of particle size and percent of oxygen in the 
devolatization of OMW. The majority of the mass loss occurred between 200°C and 
330°C. This mass loss was primarily attributed to the hemicellulose and cellulose and is 
close to the 180°C to 330°C found by Chouchene et al. Lignin decomposes at a higher 
temperature range and is therefore combined with decomposition of the char in zone 269. 
Cellulose and hemicellulose are polysaccharide polymers and are considered to have 
similar decomposition mechanisms. Hemicellulose is believed to decompose earlier 
because of its weaker crystalline structure. Lignin, on the other hand, is a randomly cross-
linked polymerization of three phenyl propane units and is therefore more stable and 
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Figure 12: Total mass loss fraction of Raw OMW Pulp 125-300 [im during slow 
pyrolysis (10°C/min) 
Figure 13 is an Arrhenius plot for the oxidation of OMW. The slopes of each were 
calculated to solve for the apparent activation energy of each fraction, again assuming an 
overall first order reaction71. From the slopes, it is clear that the oxidation of the char has 
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Figure 13: Arrhenius plot for Raw OMW Pulp 125-300 [im at a 10°C/min heating rate 
with two distinct mass loss regimes 
Very similar conclusions can be drawn from the oxidation data in Tables 17 and 
18 to the pyrolysis data. It can be observed that higher heating rates cause higher apparent 
activation energies, and the olive pit has much higher apparent activation energies than 
the pulp. 
It is very important to notice that the pits of the OMW heated at 100°C/min didn't 
have a high temperature fraction in Table 18. The mass loss in mid temperature fraction 
displays that the high temperature fraction was adsorbed into the middle temperature 
fraction. This tells us that higher heating rates of the pits cause oxidation to occur at 
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lower apparent activation energies. The apparent activation energies observed in Tables 
17 and 18 range from 191-238 kJ/mol and 222-309 kJ/mol for the pulp and pit, 
respectively. These results are similar to the oxidation of birch and pine woods, which 
range from 161-282 kJ/mol65. These results are slightly higher than the results of raw 
oxidized OMW Chouchene et al. presented (160±10), but the particle size used in their 
work was 1-1,5mm, which is more than double the particle size investigated in our work. 
Smaller particle sizes tended to have higher apparent activation energies; therefore the 
results in Table 17 are on a par with the literature results. 
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Table 17: Oxidized Pulp Apparent Activation Energies and Mass Loss Fraction 
Low Temp Fraction Mid Temp Fraction High Temp Fraction 
Ea xL Ea xL Ea xL 
Raw 
10°C/min 
125 Avg 99.8 ± 0.7 0.325 32.2 ± 0.3 0.317 211.1 ± 7.4 0.276 
300 Avg 91.2 ± 3.2 0.313 27.2 ± 2 0.3 198.8 ± 16.5 0.268 
SCFE 
10°C/rrun 
125 Avg 85.1 ± 1.8 0.376 57.5 ± 0.7 0.375 197.1 ± 20.6 0.146 




125 Avg 90.9 ± 0.8 0.369 51.9 ± 0.1 0.411 191.5 ± 8.9 0.185 
300 Avg 94.1 ± 3.6 0.347 45.7 ± 1.7 0.349 191 ± 12.4 0.236 
Raw 
100°C/min 
125 Avg 85.7 ± 2.6 0.34 26.6 ± 0.3 0.4 209.9 ± 18.9 0.08 
300 Avg 83.4 ± 1.1 0.35 16.3 ± 2 0.39 193.5 ± 3.9 0.07 
SCFE 
100°C/min 
125 Avg 86.3 ± 4.5 0.44 19.6 ± 4.4 0.37 227.3 ± 24 0.07 




125 Avg 91.2 ± 3.1 0.42 14 ± 3.1 0.36 203.9 ± 12.6 0.06 
300 Avg 91.3 ± 3 0.41 10.9 ± 0.6 0.39 197.1 ± 1.4 0.07 
Table 18: Oxidized Pit Apparent Activation Energies and Mass Losses 
Low Temp Fraction Mid Temp Fraction High Temp Fraction 
Ea xL Ea XL Ea xL 
Raw 
10°C/min 
125 Avg 138.2 ± 0.9 0.27 40.5 ± 0.3 0.21 309.5 ± 38.2 0.40 
300 Avg 135.1 ± 2.0 0.30 17.7 ± 2.0 0.24 221.9 ± 2.0 0.30 
SCFE 
10°C/min 
125 Avg 124.3 ± 0.8 0.26 50.8 ± 14.0 0.26 338.7 ± 29.9 0.33 




125 Avg 136.5 ± 1.8 0.32 36.5 ± 3.4 0.21 285.1 ± 49.4 0.34 
300 Avg 143.1 ± 0.3 0.30 16.5 ± 1.8 0.23 250.0 ± 1.1 0.29 
Raw 
100°C/min 
125 Avg 171.2 ± 1.0 0.39 36.7 ± 0.3 0.50 
300 Avg 139.2 ± 3.9 0.34 20.4 ± 2.0 0.48 
SCFE 
100°C/min 
125 Avg 148.6 ± 18.9 0.39 64.5 ± 15.8 0.56 




125 Avg 147.5 ± 4.6 0.36 62.9 ± 13.8 0.58 
300 Avg 137.6 i 3.3 0.34 35.9 ± 3.9 0.54 
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4.3 Surface Area and Reactivity Analysis 
The surface area of the char is important in determining its potential as a 
byproduct. High surface area chars can be used as adsorbents. There are several factors to 
consider when analyzing the surface area of the char, including the mineral content, 
particle size, pyrolysis temperature, and critical temperature, TCIit-
The mineral content was simply analyzed by oxidizing the char at 600°C. This 
allowed all the carbon to volatilize, leaving only the residual mineral matter, as given in 
Table 19. The mineral matter seemed to be the same except for the SCFE + EtOH pit. 
We surmise that this could be due to the extraction process taking out some of the 
mineral matter. 
The Tcrit values, along with the results of the ASAP 2020 surface area analyzer 
showed the differences from the pit to the pulp was the most salient factor to consider. 
The Tcrit of the pit was determined to be about 100°C lower than that of the pulp, seen in 
Table 19, clearly showing that the pit has a much higher reactivity than the pulp. The 
pulp materials all had very low specific surface areas <16m2*g"' (Sbet surface areas.) 
These materials were analyzed with microporous surface area methods, such as BET low 
surface area, Dubinin-Astakhov (D-A) and MP analysis. The D-A and MP methods 
showed a slightly higher surface area than the BET method because they are tailored to 
analyze microporous structures, but the difference wasn't of great significance as seen in 
Table 20. The part of the curve that determined the microporosity is seen in Figure 14. 
After a partial pressure of 0.1, no more gas is adsorbed onto the surface of the material. 
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Table 19: Mineral Content and Critical Temperature 
End Temp (°C) Particle Size (nm) Mineral Content Tcrit (°C) 
Raw 
400 
125-300 0.202 ± 0.017 434.37 ± 6.22 
300-500 0.199 ± 0.003 438.49 ± 1.02 
600 
125-300 0.249 ± 0.017 432.54 ± 6.17 
300-500 0.240 ± 0.012 433.68 ± 2.04 
SCFE 
400 125-300 0.269 
± 0.029 443.98 ± 1.62 
300-500 0.244 ± 0.033 438.83 ± 1.72 
600 
125-300 0.249 ± 0.016 427.27 ± 6.12 
300-500 0.270 ± 0.029 432.17 ± 1.61 
SCFE + EtOH 
400 125-300 
0.245 ± 0.030 442.63 ± 2.58 
300-500 0.239 ± 0.032 446.97 ± 5.49 
600 
125-300 0.242 ± 0.001 428.54 ± 3.89 
300-500 0.312 ± 0.003 436.40 ± 2.84 
Raw Pit 600 125-300 0.192 ± 0.066 330.99 ± 7.13 
SCFE Pit 600 125-300 0.271 ± 0.044 340.26 ± 2.99 
SCFE + EtOH Pit 600 125-300 0.168 ± 0.007 317.35 ± 2.61 
Table 20: Surface Area Analysis 
End Temp (°C) Particle Size (urn) BET (m







0.80 ±0.01 1.00 0.65 0.81 
300-500 0.55 ±0.01 0.68 0.40 0.54 
600 125-300 
3.00 ± 0.04 3.99 3.15 4.06 
300-500 2.42 ± 0.04 3.19 2.64 3.14 
SCFE 
400 125-300 
1.71 ±0.03 2.34 1.90 -
300-500 1.33 ±0.03 1.76 1.11 -
600 
125-300 11.49 ± 0.16 15.29 12.37 14.40 




125-300 2.01 ±0.04 2.66 2.07 2.04 
300-500 1.42 ±0.04 1.86 1.18 -
600 
125-300 2.97 ± 0.06 3.91 3.60 4.07 
300-500 3.26 ±0.02 4.75 3.75 3.97 
Raw Seed 600 125-300 341.54 ± 10.38 422.65 - -
SCFE Seed 600 125-300 344.29 ± 10.68 472.29 - -
SCFE + 
EtOH Seed 600 125-300 























0 0.02 0.04 0.06 0.08 
P/Po 
0.1 0.12 
Figure 14: Adsorption Isotherm of Raw OMW Pulp 125-300 ^m pyrolyzed at 600°C 
Conversely, the pyrolyzed olive pit is a highly mesoporous material and displayed 
the typical type IV isotherm seen in Figure 15. The specific surface area was determined 
to be greater than 420 m2*g"' on a carbon basis for all the pit samples, which close to the 
level of most activated carbons of 500-1500 m2*g"' 39. This is significant, as these chars 
have not undergone any physical or chemical activation. The SCFE extracted olive mill 
waste pit chars showed significantly higher surface areas than the pyrolyzed raw waste. 
This means that the supercritical fluid extraction caused the materials to be more porous. 
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This conclusion shows much promise for future work with olive pits as an adsorbent 
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Figure 15: Adsorption Isotherm of Raw OMW Pit 125-300 |im pyrolyzed at 600°C 
A linearized isotherm (Figure 16) allows for better visualization of the quantity of 
gas adsorbed. Figure 16 also shows that large quantities of gas are adsorbed at lower 
pressures as compared to the smaller quantities at higher pressures, all affected by the 
layering of the gas molecules. 
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Figure 16: Isotherm Log Absolute Plot for Raw OMW Pit pyrolyzed at 600°C 125-300 
microns 
1 P To calculate the BET surface area, a plot of —ftp^a—r vs. — was analyzed between 
a P/P0 of 0.05 and 0.3. This output can be seen in Figure 17. Equation 8 was manipulated 
in terms of partial pressure to get equation 17. 
Va[(^)-i] ~ VWd(p^)+i^fe 
Figure 17 shows a linear plot that is needed to calculate the slope and intercept, which in 
turn allows the calculation of the quantity of gas adsorbed at every pressure, P. The BET 
method was used for all the OMW pit calculations because the isotherm showed the 










Figure 17: BET Surface Area Plot for Raw OMW Pit pyrolyzed at 600°C 125-300 
microns 
The majority of the surface areas of the pulp were lower than 5 m2/g and showed 
an IUPAC type I isotherm, therefor we used microporous methods to describe them. The 
D-A, MP and low BET surface area methods were used to describe all the pulp samples. 
The surface area was normalized for the BET method to find the surface area on a carbon 
basis Sbet (see Table 20). All the microporous surface area methods showed very similar 
results. The SCFE and SCFE + EtOH OMWs showed larger surface areas than the raw 
OMW. There was a correlation between the smaller starting particle sizes and larger 
surface areas seen in Table 20 because smaller particles have a higher surface area per 
volume. The particle size decreases during pyrolysis because of the decomposition of the 
material, but due to mass transfer limitations, the larger initial particle sizes stay larger. 
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Therefore, the end surface areas after pyrolysis show that smaller initial particle size 
produces higher surface area chars. The end pyrolysis temperature made a significant 
difference in the surface area as well. The higher the end temperature, the more porous 
the material became because the higher temperature opened up the pores a little more. 
Due to grinding constraints, it was difficult to achieve a particle fraction between 300-
500 |im for the pit, so an analysis of the pit was done at the smaller particle fraction and 
higher end temperature. The pits had BET surface areas greater than 420 m2/g. This is a 




The incorporation of renewable energy sources such as biomass into mainstream 
energy production depends on the development and utilization of waste streams. There 
are many biomass wastes that cause disposal issues, but these wastes can be utilized as 
sources of energy and/or converted into a value-added by-product. Thermochemical 
conversion of biomass via pyrolysis is of great interest because it can provide three high-
energy valued product streams: bio-oil, syngas and char. Oxidation is the simplest and 
most common way to convert heat to energy and is usually implemented right after 
pyrolysis. The kinetics of both these process will help in the development of 
devolatilization units. 
The pyrolysis and oxidation of supercritical fluid extracted olive mill wastes was 
a key investigation in this study. After the recovery of polyphenolic compounds there is 
still a large quantity of dry waste that needs to be disposed of. The utilization of extracted 
olive mill waste through pyrolysis shows promising results in energy and char 
productions. Pyrolysis and oxidation address the waste disposal issues as well as create a 
renewable energy source. 
5.1 Pyrolysis, Oxidation and Biochar Conclusions 
The kinetics of pyrolysis and oxidation of olive mill waste show that its apparent 
activation energies are comparable to that of other lignocellulosic biomass materials. 
Overall, we find that particle size fraction has minimal effect on the kinetics of OMW 
pyrolysis, whereas the heating rate is of great importance to the apparent activation 
energy, and the material's composition (pit versus pulp) had the greatest effect on the 
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apparent activation energy. The faster heating rate had lower apparent activation 
energies. Lower sample loading size and slower heating rates show that the reaction 
kinetics are potentially disguised by heat and mass transfer effects. The OMW pits had 
much higher apparent activation energies ranging from 91-137 kJ/mol versus the pulp, 
which had apparent activation energies ranging from 72-87 kJ/mol for pyrolysis. 
A comparison of SCFE, SCFE + EtOH and raw OMWs is a key investigation for 
the downstream use of these wastes. The extraction of the polyphenols changes the 
composition of the OMW, so the investigation of the difference in apparent activation 
energies between the extracted and non-extracted wastes became important. The raw 
OMW pulp had higher apparent activation energies than the SCFE pulp wastes. This was 
observed to be about a 10% difference. The pits did not show a significant difference 
between the extracted and non-extracted wastes in apparent activation energy. 
The oxidation of the OMW showed a devolatilization zone and a char oxidation 
zone. The devolatilization zone was similar to that of pyrolysis. The oxidation of the char 
had very high apparent activation energies ranging from 191-238 kJ/mol and 221-338 
kJ/mol for pulp and pits, respectively. These apparent activation energies are similar to 
the oxidation of wood chars. 
The understanding of the surface area of the char stream allows one to determine 
its usefulness as an adsorbent. The pyrolyzed olive pulp waste had very poor surface 
areas, but the olive pit wastes had large surface areas without any activation (Sbet> 
420m2/g). The extracted wastes (SCFE and SCFE + EtOH) showed higher surface areas 
after pyrolysis than the raw waste. This char has the potential to be used as a 
bioremediation material. The critical temperature was also investigated for relative 
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reactivity and showed that the pits had a much lower Tcrit and therefore were more 
reactive than the pulp. 
5.2 Future Work 
This thesis covered the kinetics of oxidation and pyrolysis of polyphenol 
extracted olive mill waste, as well as an analysis of the surface areas of the bio-chars. 
Investigation into the bio-oils, syngas, and bio-chars produced from this specific waste 
stream will continue. 
The production of activated carbons from bio-char is of great interest. To create 
these valuable carbon materials, two steps must be investigated: the demineralization and 
the activation of the bio-char. The demineralization of the bio-char using acids would 
create a more pure carbonaceous adsorbent material. The activation of the bio-char via 
chemical and physical activation can open the porosities and create more valuable 
activated carbons. 
The quantification and qualification of the syngas and bio-oil volatilizing during 
pyrolysis and oxidation are important for the downstream utilization of these materials. 
The use of a double shot pyrolyzer on a GC-MS would allow the quantification and 
qualification to be achieved. 
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Table 21: Low Temperature Region of OMW Pulp at a heating rate of 10°C/min 














125-1 470.7 560.1 -8898.2 74.0 11.20 0.305 
125-2 470.7 560.1 -8925.0 74.2 11.25 0.305 
125-3 470.8 560.1 -9064.7 75.4 11.50 0.304 
Raw 
125 
Avg 470.7 560.1 -8962.6 74.5 ± 0.7 11.32 0.16 0.305 
10°C/min 
300-1 470.7 560! -8374.2 69.6 10.21 0.300 
300-2 470.8 560.1 -8288.1 68.9 10.05 0.302 
300-3 470.7 560.1 -8201.1 68.2 9.90 0.303 
300 
Ave 470.7 560.1 -8287.8 68.9 ± 0.7 10.05 0.16 0.302 
SCFE 
10°C/min 
125-1 470.8 560.1 -6931.9 57.6 7.54 0.299 
125-2 470.8 560.1 -7154.9 59.5 7.95 0.298 
125-3 470.7 560.0 -7015.3 58.3 7.69 0.298 
125 
Avg 470.8 560.1 -7034.0 58.5 ± 0.9 7.73 0.21 0.298 
300-1 470.7 560.0 -7031.2 58.5 7.65 0.280 
300-2 470.8 560.1 -7296.3 60.7 8.15 0.281 
300-3 470.7 560.0 -7466.7 62.1 8.44 0.275 
300 
Avg 470.8 560.0 -7264.7 60.4 ± 1.8 8.08 0.40 0.279 
EtOH 
10°C/min 
125-1 470.6 559.9 -7660.4 63.7 8.85 0.285 
125-2 470.5 559.9 -7567.5 62.9 8.66 0.279 
125-3 470.6 559.9 -7789.1 64.8 9.10 0.287 
125 
Avg 470.6 559.9 -7672.3 63.8 ± 0.9 8.87 0.22 0.284 
300-1 470.7 560.0 -7777.3 64.7 8.95 0.258 
300-2 470.7 560.0 -7600.2 63.2 8.64 0.260 
300-3 470.7 560.0 -7785.9 64.7 9.01 0.266 
300 
Avg 470.7 560.0 -7721.1 64.2 ± 0.9 8.87 0.20 0.261 
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Table 22: Middle Temperature Region of OMW Pulp at a heating rate of 10°C/min 










Intercept Std Dev Mass fraction 
Loss (%) 
125-1 579.8 607.8 -10549.0 87.7 13.70 0.378 
125-2 579.8 607.8 -10559.0 87.8 13.71 0.378 
125-3 579.8 607.8 -10510.0 87.4 13.64 0.382 
Raw 
125 
Avg 579.8 607.8 -10539.3 87.6 ± 0.3 13.68 0.04 0.379 
IO°C/min 
300-1 579.8 600.6 -10503.0 87.3 13.57 0.331 
300-2 579.8 600.6 -10250.0 85.2 13.15 0.331 
300-3 579.8 600.6 -10036.0 83.4 12.78 0.326 
300 
Avg 579.8 600.6 -10263.0 85.3 ± 2.0 13.17 0.40 0.329 
SCFE 
10°C/min 
125-1 576.4 596.9 -9721.1 80.8 12.34 0.331 
125-2 576.4 596.9 -9729.4 80.9 12.36 0.337 
125-3 576.3 596.8 -9925.5 82.5 12.69 0.333 
125 
Avg 576.4 596.9 -9792.0 81.4 ± 1.0 12.46 0.20 0.334 
300-1 576.3 596.8 -8759.1 72.8 10.56 0.316 
300-2 576.4 596.9 -8634.3 71.8 10.36 0.317 
300-3 576.4 596.9 -8869.9 73.7 10.73 0.320 
300 
Avg 576.4 596.9 -8754.4 72.8 ± 1.0 10.55 0.19 0.318 
EtOH 
10°C/min 
125-1 576.2 596.7 -9668.7 80.4 12.22 0.335 
125-2 576.2 596.7 -9771.9 81.2 12.36 0.331 
125-3 576.2 596.7 -9708.5 80.7 12.30 0.339 
125 
Avg 576.2 596.7 -9716.4 80.8 ± 0.4 12.29 0.07 0.335 
300-1 576.3 596.8 -8617.6 71.6 10.24 0.316 
300-2 576.3 596.8 -8690.9 72.3 10.37 0.317 
300-3 576.3 596.8 -8779.4 73.0 10.56 0.320 
300 
Avg 576.3 596.8 -8696.0 72.3 ± 0.7 10.39 0.16 0.318 
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Table 23: High Temperature Region of OMW Pulp at a heating rate of 10°C/min 














125-1 639.0 737.9 -921.3 7.7 -3.24 0.222 
125-2 639.0 737.8 -880.0 7.3 -3.31 0.221 
125-3 639.1 737.9 -539.9 4.5 -3.83 0.219 
Raw 
125 
Avg 639.0 737.9 -780.4 6.5 ± 1.7 -3.46 0.32 0.221 
10oC/min 
300-1 639.0 737.8 -1579.0 13.1 -2.21 0.271 
300-2 639.0 737.8 -1149.4 9.6 -2.87 0.269 
300-3 639.0 737.7 -1475.0 12.3 -2.37 0.272 
300 
Avg 639.0 737.8 -1401.1 11.6 1.9 -2.48 0.34 0.271 
SCFE 
10°C/min 
125-1 639.0 737.8 -342.2 2.8 -4.05 0.272 
125-2 639.0 737.8 -56.3 0.5 -4.50 0.269 
125-3 638.9 737.8 -516.9 4.3 -3.77 0.274 
125 
Avg 639.0 737.8 -305.2 2.5 ± 1.9 -4.11 0.37 0.272 
300-1 639.0 737.8 -1699.2 14.1 -1.92 0.314 
300-2 639.0 737.9 -1505.3 12.5 -2.22 0.311 
300-3 639.0 737.8 -1763.9 14.7 -1.83 0.315 
300 
Avg 639.0 737.8 -1656.1 13.8 ± 1.1 -1.99 0.20 0.313 
EtOH 
10°C/min 
125-1 638.8 737.8 -1360.4 11.3 -2.48 0.291 
125-2 638.9 737.8 -1954.2 16.2 -1.56 0.301 
125-3 638.9 737.9 -1470.5 12.2 -2.29 0.292 
125 
Avg 638.9 737.8 -1595.0 13.3 ± 2.6 -2.11 0.49 0.295 
300-1 639.0 738.0 -3702.9 30.8 1.11 0.314 
300-2 639.0 737.9 -3746.6 31.1 1.17 0.311 
300-3 639.0 738.0 -2973.5 24.7 0.01 0.315 
300 
Avg 639.0 738.0 -3474.3 28.9 ± 3.6 0.76 0.65 0.313 
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Table 24: Low Temperature Region of OMW Pulp at a heating rate of 100°C/min 














125-1 476.1 628.1 -8510.1 70.8 9.74 0.651 
125-2 476.6 628.4 -8276.7 68.8 9.29 0.643 
125-3 476.6 628.5 -8314.8 69.1 9.36 0.640 
Raw 
125 
Avg 476.5 628.3 -8367.2 69.6 ± 1.0 9.46 0.24 0.644 
100°C/min 
300-1 476.8 625.4 -8297.0 69.0 9.31 0.585 
300-2 476.8 625.7 -8402.6 69.9 9.49 0.587 
300-3 476.6 625.0 -8177.3 68.0 9,09 0.577 
300 
Avg 476.7 625.3 -8292.3 68.9 ± 0.9 9.30 0.20 0.583 
SCFE 
100°C/min 
125-1 477.2 628.7 -7416.6 61.7 8.86 0.638 
125-2 476.6 627.8 -7347.5 61.1 7.69 0.636 
125-3 477.2 628.7 -7380.7 61.4 7.74 0.638 
125 
Avg 477.0 628.4 -7381.6 61.4 ± 0.3 8.10 0.66 0.637 
300-1 487.0 628.1 -7052.8 58.6 7.05 0.591 
300-2 487.9 629.3 -7166.8 59.6 7.29 0.610 
300-3 487.1 628.3 -7061.5 58.7 7.11 0.605 
300 
Avg 487.4 628.5 -7093.7 59.0 ± 0.5 7,15 0.12 0.602 
EtOH 
100°C/min 
125-1 476.5 627.6 -7422.9 61.7 7.76 0.621 
125-2 476.9 628.3 -7435.4 61.8 7.85 0.639 
125-3 476.4 627.3 -7434.4 61.8 7.80 0.621 
125 
Avg 476.6 627.7 -7430.9 61.8 ± 0.1 7.80 0.05 0.627 
300-1 477.5 628.9 -7337.0 61.0 7.50 0.593 
300-2 476.7 627.7 -7269.6 60.4 7.36 0.576 
300-3 477.1 628.4 -7288.0 60.6 7.43 0.588 
300 
Ave 477.1 628.3 -7298.2 60.7 ± 0.3 7.43 0.07 0.586 
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Table 25: High Temperature Region of OMW Pulp at a heating rate of 100°C/min 














125-1 682.8 731.5 -1864.7 15.5 -1.99 0.173 
125-2 683.3 732.2 -1745.0 14.5 -2.18 0.180 
125-3 683.2 732.0 -1580.9 13.1 -2.42 0.178 
Raw 
125 
Avg 683.1 731.9 -1730.2 14.4 ± 1.2 -2.20 0.22 0.177 
100°C/min 
300-1 683.7 725.9 -2551.0 21.2 -0.96 0.191 
300-2 684.0 726.2 -2619.9 21.8 -0.86 0.191 
300-3 683.2 725.3 -2870.9 23.9 -0.49 0.194 
300 
Avg 683.6 725.8 -2680.6 22.3 ± 1.4 -0.77 0.25 0.192 
SCFE 
100°C/min 
125-1 683.4 732.2 -1279.8 10.6 -2.75 0.186 
125-2 682.3 731.1 -1144.9 9.5 -2.94 0.187 
125-3 683.3 732.1 -1199.4 10.0 -2.84 0.187 
125 
Avg 683.0 731.8 -1208.0 10.0 ± 0.6 -2.84 0.10 0.187 
300-1 682.7 731.5 -3094.0 25.7 0.01 0.210 
300-2 684.0 732.9 -2926.6 24.3 -0.26 0.196 
300-3 683.0 731.8 -2829.9 23.5 -0.37 0.202 
300 
Avg 683.2 732.1 -2950.2 24.5 ± 1.1 -0.21 0.19 0.202 
EtOH 
100°C/min 
125-1 682.3 731.2 -1890.7 15.7 -1.83 0.200 
125-2 683.1 732.0 -2054.3 17.1 -1.61 0.185 
125-3 681.8 730.5 -2000.8 16.6 -1.68 0.198 
125 
Avg 682.4 731.2 -1981.9 16.5 ± 0.7 -1.71 0.11 0.195 
300-1 683.7 732.6 -3174.4 26.4 0.10 0.223 
300-2 682.3 731.2 -3976.0 33.1 1.27 0.235 
300-3 683.0 731.9 -3835.6 31.9 1.07 0.227 
300 
Avg 683.0 731.9 -3662.0 30.4 ± 3.6 0.81 0.63 0.228 
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Table 26: Low Temperature Region of OMW Pit at a heating rate of 10°C/min 














125-1 505.1 539.0 -13520.0 112.4 19.81 0.234 
125-2 505.2 539.0 -13697.0 113.9 20.15 0.236 
125-3 505.2 539.0 -13686.0 113.8 20.14 0.235 
Raw 
125 
Avg 505.2 539.0 -13634.3 113.4 ± 0.8 20.03 0.19 0.235 
10°C/min 
300-1 505.1 539.0 -14301.0 118.9 21.20 0.220 
300-2 505.2 539.0 -13804.0 114.8 20.29 0.224 
300-3 505.2 539.0 -13474.0 112.0 19.67 0.222 
300 
Avg 505.2 539.0 -13859.7 115.2 ± 3.5 20.39 0.77 0.222 
SCFE 
10°C/min 
125-1 505.2 539.1 -11261.0 93.6 15.51 0.224 
125-2 505.3 539.1 -11299.0 93.9 15.58 0.225 
125-3 505.3 539.1 -11401.0 94.8 15.78 0.223 
125 
Avg 505.3 539.1 -11320.3 94.1 ± 0.6 15.62 0.14 0.224 
300-1 505.4 539.2 -13924.0 115.8 20.28 0.212 
300-2 505.3 539.2 -13789.0 114.6 20.02 0.212 
300-3 505.3 539.1 -12930.0 107.5 18.42 0.210 
300 
Avg 505.3 539.2 -13547.7 112.6 ± 4.5 19.57 1.01 0.211 
EtOH 
10°C/min 
125-1 505,3 539.1 -13984.0 116.3 20.76 0.249 
125-2 505.3 539.1 -14014.0 116.5 20.82 0.251 
125-3 505.3 539.1 -13994.0 116.3 20.77 0.249 
125 
Avg 505.3 539.1 -13997.3 116.4 ± 0.1 20.78 0.03 0.250 
300-1 505.2 539.1 -15574.0 129.5 23.51 0.235 
300-2 505.2 539.0 -15523.0 129.1 23.29 0.231 
300-3 505.2 539.0 -15451.0 128.5 23.28 0.234 
300 
Avg 505.2 539.1 -15516.0 129.0 ± 0.5 23.36 0.13 0.233 
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Table 27: Middle Temperature Region of OMW Pit at a heating rate of 10°C/min 










Intercept Std Dev Mass fraction 
Loss (%) 
125-1 584.5 611.4 -12076.0 100.4 16.36 0.422 
125-2 584.6 611.4 -12258.0 101.9 16.65 0.420 
125-3 584.5 611.4 -12343.0 102.6 16.79 0.419 
Raw 
125 
Avg 584.5 611.4 -12225.7 101.6 ± 0.3 16.60 0.22 0.420 
10°C/min 
300-1 584.5 611.4 -11932.0 99.2 15.88 0.381 
300-2 584.5 611.4 -11909.0 99.0 15.92 0.394 
300-3 584.5 611.4 -11931.0 99.2 15.91 0.384 
300 
Avg 584.5 611.4 -11924.0 99.1 ± 2.0 15.90 0.02 0.386 
SCFE 
10°C/min 
125-1 584.6 611.4 -9454.5 78.6 11.87 0.475 
125-2 584.6 611.4 -9302.3 77.3 11.62 0.476 
125-3 584.6 611.4 -9437.6 78.5 11.86 0.479 
125 
Avg 584.6 611.4 -9398.1 78.1 ± 0.7 11.78 0.14 0.477 
300-1 589.7 614.8 -10134.0 84.3 12.58 0.447 
300-2 589.7 614.8 -9621.6 80.0 11.75 0.450 
300-3 589.7 614.8 -8769.2 72.9 10.30 0.435 
300 
Avg 589.7 614.8 -9508.3 79.1 ± 5.7 11.54 1.15 0.444 
EtOH 
10°C/min 
125-1 584.6 611.4 -9419.2 78.3 11.85 0.405 
125-2 584.6 611.4 -9410.0 78.2 11.86 0.411 
125-3 584.6 611.4 -9523.0 79.2 12.04 0.409 
125 
Avg 584.6 611.4 -9450.7 78.6 ± 0.5 11.92 0.11 0.408 
300-1 589.6 614.8 -10983.0 91.3 14.16 0.374 
300-2 589.7 614.8 -11257.0 93.6 14.56 0.365 
300-3 589.6 614.8 -11224.0 93.3 14.53 0.369 
300 
Avg 589.6 614.8 -11154.7 92.7 ± 1.2 14.42 0.22 0.369 
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Table 28: High Temperature Region of OMW Pit at a heating rate of 10°C/min 














125-1 648.1 727.8 -1883.8 15.7 -1.65 0.204 
125-2 648.2 727.8 -1757.7 14.6 -1.84 0.202 
125-3 648.2 727.9 -1562.4 13.0 -2.14 0.199 
SCFE 
125 
Avg 648.2 727.8 -1734.6 14.4 ± 1.3 -1.88 0.25 0.201 
10°C/min 
300-1 648.2 727.7 -2211.7 18.4 -1.17 0.243 
300-2 648.2 727.8 -2089.3 17.4 -1.35 0.243 
300-3 648.2 727.8 -2948.1 24.5 -0.03 0.255 
300 
Avg 648.2 727.8 -2416.4 20.1 ± 3.9 -0.85 0.71 0.247 
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Table 29: Low Temperature Region of OMW Pit at a heating rate of 100°C/min 














125-1 538.4 577.8 -13201.0 109.8 17.78 0.224 
125-2 538.5 577.9 -13547.0 112.6 18.41 0.227 
125-3 538.5 578.3 -13150.0 109.3 17.73 0.233 
Raw 
125 
Avg 538.5 578.0 -13299.3 110.6 ± 1.8 17.97 0.37 0.228 
100°C/min 
300-1 539.4 579.0 -13099.0 108.9 17.60 0.225 
300-2 539.0 578.6 -13469.0 112.0 18.27 0.227 
300-3 539.8 579.4 -14488.0 120.5 20.01 0.225 
300 
Avg 539.4 579.0 -13685.3 113.8 ± 6.0 18.63 1.24 0.225 
SCFE 
100°C/min 
125-1 536.4 576.4 -10800.0 89.8 13.54 0.217 
125-2 536.2 576.3 -11056.0 91.9 13.96 0.216 
125-3 536.3 576.2 -10992.0 91.4 13.87 0.216 
125 
Avg 536.3 576.3 -10949.3 91.0 ± 1.1 13.79 0.22 0.216 
300-1 541.2 584.8 -15115.0 125.7 21.01 0.247 
300-2 541.7 585.4 -12985.0 108.0 17.22 0.237 
300-3 541.4 584.9 -12946.0 107.6 17.13 0.231 
300 
Avg 541.4 585.0 -13682.0 113.8 ± 10.3 18.45 2.21 0.239 
EtOH 
100°C/min 
125-1 535.5 575.4 -13852.0 115.2 18.98 0.228 
125-2 535.7 575.6 -13598.0 113.1 18.53 0.224 
125-3 535.8 575.8 -13833.0 115.0 18.98 0.230 
125 
Avg 535.6 575.6 -13761.0 114.4 ± 1.2 18.83 0.26 0.227 
300-1 540.5 584.1 -16579.0 137.8 23.63 0.268 
300-2 541.8 585.5 -16484.0 137.0 23.49 0.275 
300-3 540.9 584.5 -16353.0 136.0 23.28 0.274 
300 
Avg 541.1 584.7 -16472.0 136.9 ± 0.9 23.47 0.18 0.273 
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Table 30: Middle Temperature Region of OMW Pit at a heating rate of 100°C/min 










Intercept Std Dev Mass fraction 
Loss (%) 
125-1 615.7 646.4 -11306.0 94.0 13.96 0.384 
125-2 615.8 646.7 -11696.0 97.2 14.61 0.392 
125-3 616.2 647.0 -11306.0 94.0 14.01 0.393 
Raw 
125 
Avg 615.9 646.7 -11436.0 95.1 ± 0.3 14.19 0.36 0.390 
100°C/min 
300-1 616.9 647.8 -11376.0 94.6 13.95 0.364 
300-2 616.6 647.5 -11626.0 96.7 14.39 0.371 
300-3 617.4 648.3 -12674.0 105.4 16.00 0.372 
300 
Avg 617.0 647.9 11892.0 98.9 ± 2.0 14.78 1.08 0.369 
SCFE 
100°C/min 
125-1 614.7 638.8 -8749.0 72.7 9.92 0.412 
125-2 614.7 639.0 -8989.2 74.7 10.30 0.419 
125-3 614.4 638.5 -8861.3 73.7 10.10 0.414 
125 
Avg 614.6 638.8 -8866.5 73.7 ± 1.0 10.11 0.19 0.415 
300-1 624.9 650.8 -11030.0 91.7 13.18 0.405 
300-2 625.5 651.4 -8308.7 69.1 8.78 0.381 
300-3 624.9 650.7 -8411.0 69.9 8.94 0.382 
300 
Avg 625.1 650.9 -9249.9 76.9 ± 12.8 10.30 2.49 0.389 
EtOH 
100°C/min 
125-1 613.7 637.8 -8077.1 67.2 8.81 0.320 
125-2 613.8 638.0 -8232.3 68.4 9.05 0.315 
125-3 614.2 638.4 -8393.0 69.8 9.31 0.317 
125 
Avg 613.9 638.1 -8234.1 68.5 ± 1.3 9.06 0.25 0.317 
300-1 624.4 650.3 -12426.0 103.3 15.55 0.349 
300-2 625.8 651.7 -12714.0 105.7 15.96 0.343 
300-3 624.8 650.8 -12281.0 102.1 15.32 0.347 
300 
Avg 625.0 650.9 -12473.7 103.7 ± 1.8 15.61 0.33 0.346 
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Table 31: High Temperature Region of OMW Pit at a heating rate of 100°C/min 














125-1 684.9 715.3 -2202.3 18.3 -1.31 0.148 
125-2 685.2 715.6 -2282.5 19.0 -1.18 0.149 
125-3 684.6 714.9 -2327.7 19.4 -1.13 0.148 
SCFE 
125 
Avg 684.9 715.3 -2270.8 18.9 ± 0.5 -1.21 0.09 0.148 
100°C/min 
300-1 691.7 715.3 -2062.9 17.2 -1.43 0.131 
300-2 692.4 716.0 -3864.9 32.1 1.20 0.140 
300-3 691.7 715.3 -3645.5 30.3 0.87 0.142 
300 
Avg 691.9 715.5 -3191.1 26.5 ± 8.2 0.21 1.43 0.138 
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A.2 Oxidation 
Table 32: Oxidation - Low Temperature Region of OMW Pulp at a heating rate of 
10°C/min 














125-1 498.9 540.2 -12005.0 99.8 17.22 0.327 
125-2 498.8 539.8 -11909.0 99.0 17.01 0.325 
125-3 498.8 539.8 -12083.0 100.5 17.33 0.323 
Raw 
125 
Avg 498.8 539.9 -11999.0 99.8 ± 0.7 17.19 0.16 0.325 
10°C/min 
300-1 498.8 539.8 -10759.0 89.5 14.78 0.309 
300-2 498.9 540.1 -11421.0 95.0 16.06 0.315 
300-3 498.9 539.7 -10733.0 89.2 14.73 0.314 
300 
Avg 498.9 539.9 -10971.0 91.2 ± 3.2 15.19 0.75 0.313 
SCFE 
10°C/min 
125-1 499.0 540.3 -9990.2 83.1 13.54 0.375 
125-2 499.0 540.0 -10346.0 86.0 14.21 0.376 
125-3 499.0 540.0 -10363.0 86.2 14.24 0.377 
125 
Avg 499.0 540.1 -10233.1 85.1 ± 1.8 14.00 0.40 0.376 
300-1 499.0 540.1 -10116.0 84.1 13.68 0.351 
300-2 499.0 540.3 -10154.0 84.4 13.77 0.352 
300-3 499.0 540.3 -10189.0 84.7 13.87 0.358 
300 
Avg 499.0 540.3 -10153.0 84.4 ± 0.3 13.77 0.10 0.354 
EtOH 
10°C/min 
125-1 499.0 540.4 -10885.0 90.5 15.20 0.369 
125-2 498.9 540.2 -10861.0 90.3 15.15 0.369 
125-3 499.0 540.4 -11041.0 91.8 15.50 0.369 
125 
Avg 499.0 540.3 -10929.0 90.9 ± 0.8 15.28 0.19 0.369 
300-1 498.9 540.0 -11103.0 92.3 15.44 0.344 
300-2 498.9 540.3 -11029.0 91.7 15.39 0.348 
300-3 499.0 540.2 -11816.0 98.2 16.82 0.348 
300 
Avg 498.9 540.2 -11316.0 94.1 ± 3.6 15.88 0.81 0.347 
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Table 33: Oxidation - Middle Temperature Region of OMW Pulp at a heating rate of 
10°C/min 










Intercept Std Dev Mass fraction 
Loss (%) 
125-1 641.5 691.7 -4021.6 33.4 0.73 0.316 
125-2 640.9 691.0 -3760.3 31.3 0.33 0.318 
125-3 641.0 691.2 -3831.5 31.9 0.42 0.317 
Raw 
125 
Avg 641.1 691.3 -3871.1 32.2 ± 0.3 0.49 0.21 0.317 
10°C/min 
300-1 640.9 690.9 -2957.0 24.6 -1.07 0.295 
300-2 641.3 691.5 -3644.5 30.3 0.04 0.302 
300-3 640.8 690.9 -3199.2 26.6 -0.63 0.304 
300 
Avg 641.0 691.1 -3266.9 27.2 ± 2.0 -0.55 0.56 0.300 
SCFE 
10°C/min 
125-1 641.7 680.3 -6847.5 56.9 5.68 0.371 
125-2 641.2 679.7 -6886.1 57.3 5.76 0.377 
125-3 641.3 679.8 -7004.0 58.2 5.94 0.377 
125 
Avg 641.4 680.0 -6912.5 57.5 ± 0.7 5.79 0.13 0.375 
300-1 641.4 679.9 -5535.7 46.0 3.40 0.343 
300-2 641.7 680.2 -5698.7 47.4 3.65 0.342 
300-3 641.7 680.3 -5677.5 47,2 3.67 0.348 
300 
Avg 641.6 680.1 -5637.3 46.9 ± 0.7 3.57 0.15 0.344 
EtOH 
10°C/min 
125-1 641.8 680.4 -6231.5 51.8 4.66 0.396 
125-2 641.6 680.2 -6236.2 51.8 4.67 0.412 
125-3 641.8 680.4 -6258.0 52.0 4.71 0.424 
125 
Avg 641.7 680.3 -6241.9 51.9 ± 0.1 4.68 0.03 0.411 
300-1 641.4 679.9 -5421.7 45.1 3.21 0.352 
300-2 641.7 680.3 -5352.0 44.5 3.07 0.341 
300-3 641.7 680.3 -5731.6 47.7 3.70 0.355 
300 
Avg 641.6 680.1 -5501.8 45.7 ± 1.7 3.33 0.33 0.349 
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Table 34: Oxidation - High Temperature Region of OMW Pulp at a heating rate of 
10°C/min 














125-1 700.2 752.9 -24401.0 202.9 29.95 0.279 
125-2 699.4 752.1 -26132.0 217.3 32.21 0.270 
125-3 699.6 752.1 -25650.0 213.3 31.64 0.280 
Raw 
125 
Avg 699.7 752.4 -25394.3 211.1 ± 7.4 31.27 1.18 0.276 
10°C/min 
300-1 699.3 753.1 -24343.0 202.4 29.45 0.261 
300-2 700.0 753.3 -21742.0 180.8 26.09 0.276 
300-3 699.2 752.2 -25650.0 213.3 31.38 0.266 
300 
Avg 699.5 752.9 -2391 1.7 198.8 ± 16.5 28.97 2.68 0.268 
SCFE 
10°C/min 
125-1 726.8 749.8 -22756.0 189.2 28.69 0.136 
125-2 724.5 749.3 -21845.0 181.6 27.74 0.154 
125-3 725.0 749.2 -26512.0 220.4 33.94 0.149 
125 
Avg 725.4 749.4 -23704.3 197.1 ± 20.6 30.12 3.34 0.146 
300-1 725.6 751.1 -26991.0 224.4 33.57 0.163 
300-2 726.9 751,6 -26603.0 221.2 33.01 0.155 
300-3 725.5 751.8 -26874.0 223.4 33.35 0.157 
300 
Avg 726.0 751.5 -26822.7 223.0 ± 1.7 33.31 0.28 0.158 
EtOH 
10oC/min 
125-1 722.8 749.8 -22345.0 185.8 28.12 0.200 
125-2 724.6 749.8 -22476.0 186.9 28.11 0.182 
125-3 725.7 749.7 -24270.0 201.8 30.56 0.172 
125 
Avg 724.4 749.8 -23030.3 191.5 ± 8.9 28.93 1.41 0.185 
300-1 699.9 751.4 -24347.0 202.4 29.86 0.235 
300-2 700.2 751.3 -21388.0 177.8 25.95 0.245 
300-3 700.2 751.7 -23167.0 192.6 28.23 0.227 
300 
Avg 700.1 751.4 -22967.3 191.0 ± 12.4 28.01 1.96 0.236 
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Table 35: Oxidation - Low Temperature Region of OMW Pulp at a heating rate of 
100°C/min 














125-1 500.3 575.6 -9985.2 83.0 12.48 0.344 
125-2 500.4 575.8 -10313.0 85.7 13.00 0.340 
125-3 500.5 576.2 -10615.0 88.3 13.59 0.350 
Raw 
125 
Avg 500.4 575.9 -10304.4 85.7 ± 2.6 13.02 0.56 0.345 
100°C/min 
300-1 500.3 575.7 -9931.4 82.6 12.35 0.346 
300-2 500.6 576.5 -10179.0 84.6 12.90 0.365 
300-3 500.6 576.1 -9989.8 83.1 14.42 0.343 
300 
Avg 500.5 576.1 -10033.4 83.4 ± 1.1 13.22 1.07 0.351 
SCFE 
100°C/min 
125-1 497.1 574.9 -10377.0 86.3 13.70 0.438 
125-2 497.7 575.5 -9834.0 81.8 12.55 0.417 
125-3 497.2 575.6 -10926.0 90.8 14.74 0.451 
125 
Avg 497.3 575.3 -10379.0 86.3 ± 4.5 13.66 1.10 0.435 
300-1 497.7 575.1 -10028.0 83.4 12.90 0.407 
300-2 498.1 575.6 -9562.6 79.5 11.92 0.401 
300-3 498.0 576.1 -10361.0 86.1 13.51 0.417 
300 
Avg 497,9 575.6 -9983.9 83.0 ± 3.3 12.78 0.80 0.408 
EtOH 
100°C/min 
125-1 497.1 574.9 -10551.0 87.7 13.84 0.407 
125-2 496.4 574.2 -11221.0 93.3 15.23 0.437 
125-3 497.1 575.3 -11154.0 92.7 14.98 0.431 
125 
Avg 496.9 574.8 -10975.3 91.2 ± 3.1 14,68 0.74 0.425 
300-1 497.1 575.1 -11103.0 92.3 14.86 0.422 
300-2 496.4 573.6 -10571.0 87.9 13.86 0.404 
300-3 497.3 575.0 -11270.0 93.7 15.05 0.412 
300 
Avg 497.0 574.6 -10981.3 91.3 ± 3.0 14.59 0.64 0.413 
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Table 36: Oxidation - Middle Temperature Region of OMW Pulp at a heating rate of 
100°C/min 










Intercept Std Dev Mass fraction 
Loss (%) 
125-1 669.1 809.0 -4087.0 34.0 0.30 0.408 
125-2 670.0 809.7 -3195.0 26.6 -0.98 0.400 
125-3 670.6 810.0 -2320.8 19.3 -2.18 0.391 
Raw 
125 
Avg 669.9 809.6 -3200.9 26.6 ± 0.3 -0.95 1.24 0.400 
100°C/min 
300-! 669.1 809.3 -2062.0 17.1 -2.51 0.395 
300-2 670.0 811.0 -1465.0 12.2 -3.31 0.385 
300-3 670.6 810.3 -2349.0 19.5 -2.14 0.394 
300 
Avg 669.9 810.2 -1958.7 16.3 ± 2.0 -2.65 0.60 0.391 
SCFE 
100°C/min 
125-1 672.2 808.8 -2658.0 22.1 -1.38 0.376 
125-2 673.3 810.2 -2667.9 22.2 -1.42 0.390 
125-3 673.7 809.8 -1748.1 14.5 -2.85 0.336 
125 
Avg 673.1 809.6 -2358.0 19.6 ± 4.4 -1.88 0.84 0.367 
300-1 672.4 809.7 -2491.0 20.7 -1.59 0.403 
300-2 673.0 810.4 -2447.0 20.3 -1.67 0.407 
300-3 674.2 810.9 -1564.0 13.0 -3.07 0.365 
300 
Avg 673.2 810.3 -2167.3 18.0 ± 4.3 -2.11 0.83 0.391 
EtOH 
100°C/min 
125-1 672.5 809.5 -2107.7 17.5 -2.27 0.381 
125-2 672.7 809.2 -1491.0 12.4 -3.26 0.340 
125-3 674.1 810.6 -1451.0 12.1 -3.32 0.352 
125 
Avg 673.1 809.7 -1683.2 14.0 ± 3.1 -2.95 0.59 0.358 
300-1 673.9 810.3 -1284.3 10.7 -3.53 0.403 
300-2 671.7 808.5 -1391.9 11.6 -3.38 0.407 
300-3 673.6 810.1 -1245.2 10.4 -3.58 0.365 
300 
Avg 673.1 809.7 -1307.1 10.9 ± 0.6 -3.50 0.10 0.391 
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Table 37: Oxidation - High Temperature Region of OMW Pulp at a heating rate of 
100°C/min 














125-1 809.0 844.4 -27862.0 231.6 29.48 0.090 
125-2 809.7 844.5 -24119.0 200.5 24.74 0.080 
125-3 810.0 844.4 -23773.0 197.6 24.22 0.073 
Raw 
125 
Avg 809.6 844.4 -25251.3 209.9 ± 18.9 26.15 2.90 0.081 
100°C/min 
300-1 809.3 844.1 -22743.0 189.1 22.96 0.072 
300-2 811.0 845.0 -23634.0 196.5 23.98 0.066 
300-3 810.3 844.9 -23445.0 194.9 23.79 0.073 
300 
Avg 810.2 844.7 -23274.0 193.5 ± 3.9 23.58 0.54 0.071 
SCFE 
100°C/min 
125-1 808.8 843.4 -29232.0 243.0 31.44 0.073 
125-2 810.2 844.4 -28765.0 239.2 30.75 0.073 
125-3 809.8 844.1 -24014.0 199.7 24.61 0.060 
125 
Avg 809.6 844.0 -27337.0 227.3 ± 24.0 28.93 3.76 0.069 
300-1 809.7 843.9 -30395.0 252.7 32.85 0.078 
300-2 810.4 844.4 -30417.0 252.9 32.83 0.077 
300-3 810.9 844.6 -25166.0 209.2 26.02 0.064 
300 
Avg 810.3 844.3 -28659.3 238.3 ± 25.2 30.57 3.94 0.073 
EtOH 
100°C/min 
125-1 809.5 843.6 -26247.0 218.2 27.54 0.071 
125-2 809.2 843.4 -23432.0 194.8 23.82 0.059 
125-3 810.6 844.3 -23881.0 198.5 24.33 0.057 
125 
Avg 809.7 843.7 -24520.0 203.9 ± 12.6 25.23 2.02 0.062 
300-1 810.3 844.2 -23900.0 198.7 24.36 0.078 
300-2 808.5 843.8 -23593.0 196.2 24.02 0.077 
300-3 810.1 844.0 -23611.0 196.3 24.01 0.064 
300 
Avg 809.7 844.0 -23701.3 197.1 ± 1.4 24.13 0.20 0.073 
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Table 38: Oxidation - Low Temperature Region of OMW Pit at a heating rate of 
10°C/min 














125-1 505.0 544.8 16754.0 139.3 26.35 0.270 
125-2 505.0 545.2 16569.0 137.8 25.96 0.267 
125-3 505.1 545.1 16548.0 137.6 25.96 0.273 
Raw 
125 
Avg 505.0 545.0 16623.7 138.2 ± 0.9 26.09 0.23 0.270 
10°C/min 
300-1 504.9 544.3 16289.0 135.4 25.59 0.296 
300-2 504.9 544.4 15990.0 132.9 25.02 0.297 
300-3 505.0 544.6 16457.0 136.8 25.87 0.295 
300 
Avg 504.9 544.4 16245.3 135.1 ± 2.0 25.49 0.43 0.296 
SCFE 
10°C/min 
125-1 505.5 545.5 15041.0 125.1 23.13 0.279 
125-2 505.4 545.2 14851.0 123.5 22.73 0.260 
125-3 505.4 544,9 14959.0 124.4 22.93 0.254 
125 
Avg 505.4 545.2 14950.3 124.3 0.8 22.93 0.20 0.265 
300-1 505.4 544.8 14853.0 123.5 22.78 0.269 
300-2 505.3 544.9 15823.0 131.6 24.58 0.270 
300-3 505.2 544.7 14898.0 123.9 22.86 0.268 
300 
Avg 505.3 544.8 15191.3 126.3 ± 4.6 23.41 1.02 0.269 
EtOH 
10°C/min 
125-1 505.4 545.8 16181.0 134.5 25.40 0.295 
125-2 505.3 545.5 16485.0 137.1 26.05 0.314 
125-3 505.4 545.4 16586.0 137.9 26.36 0.347 
125 
Avg 505.4 545.6 16417.3 136.5 ± 1.8 25.94 0.49 0.319 
300-1 505.4 544.8 17194.0 143.0 27.30 0.302 
300-2 505.3 544.8 17201.0 143.0 27.27 0.294 
300-3 505.3 544.9 17251.0 143.4 27.38 0.299 
300 
Avg 505.3 544.8 17215.3 143.1 ± 0.3 27.32 0.06 0.298 
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Table 39: Oxidation - Middle Temperature Region of OMW Pit at a heating rate of 
10°C/min 










Intercept Std Dev Mass fraction 
Loss (%) 
125-1 566.2 580.1 4808.0 40.0 4.14 0.335 
125-2 567.0 581.3 5061.8 42.1 4.57 0.330 
125-3 566.7 580.7 4727.0 39.3 3.99 0.336 
Raw 
125 
Avg 566.6 580.7 4865.6 40.5 ± 0.3 4.23 0.30 0.334 
10°C/min 
300-1 565.3 578.8 2019.4 16.8 -0.50 0.410 
300-2 565.5 579.1 1856.0 15.4 -0.80 0.405 
300-3 565.8 579.5 2505.0 20.8 0.33 0.407 
300 
Avg 565.5 579.1 2126.8 17.7 ± 2.0 -0.32 0.59 0.408 
SCFE 
10°C/min 
125-1 567.4 586.3 7794.0 64.8 19.19 0.371 
125-2 566.6 580.7 6137.8 51.0 6.45 0.334 
125-3 566.1 579.9 4414.6 36.7 3.38 0.331 
125 
Avg 566.7 582.3 6115.5 50.8 ± 14.0 9.67 8.38 0.345 
300-1 565.8 579.5 3503.0 29.1 1.94 0.406 
300-2 566.2 580.0 3311.0 27.5 1.60 0.404 
300-3 565.8 579.6 3718.0 30.9 2.31 0.406 
300 
Avg 565.9 579.7 3510.7 29.2 ± 1.7 1.95 0.36 0.405 
EtOH 
10°C/min 
125-1 567.3 581.2 4135.0 34.4 2.88 0.315 
125-2 567.1 581.1 4181.5 34.8 3.06 0.333 
125-3 566.7 580.4 4855.0 40.4 4.43 0.378 
125 
Avg 567.0 580.9 4390.5 36.5 ± 3.4 3.46 0.85 0.342 
300-1 565.8 579.3 2177.0 18.1 -0.27 0.408 
300-2 565.9 579.4 1762.0 14.6 -1.02 0.411 
300-3 566.0 579.6 2031.0 16.9 -0.55 0.407 
300 
Avg 565.9 579.4 1990.0 16.5 ± 1.8 -0.61 0.38 0.409 
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Table 40: Oxidation - High Temperature Region of OMW Pit at a heating rate of 
10°C/min 














125-1 641.3 680.5 38743.0 322.1 55.22 0.396 
125-2 642.0 679.5 40857.0 339.7 58.60 0.402 
125-3 641.7 681.0 32064.0 266.6 44.99 0.391 
Raw 
125 
Avg 641.7 680.3 37221.3 309.5 ± 38.2 52.94 7.09 0.396 
10°C/min 
300-1 640.8 674.4 26413.0 219.6 37.40 0.293 
300-2 641.1 674.8 26856.0 223.3 37.89 0.297 
300-3 641.4 675.2 26787.0 222.7 37.89 0.298 
300 
Avg 641.1 674.8 26685.3 221.9 ± 2.0 37.73 0.28 0.296 
SCFE 
10°C/min 
125-1 640.5 673.8 38051.0 316.4 55.00 0.350 
125-2 641.6 679.0 44827.0 372.7 64.56 0.406 
125-3 641.3 677.1 39339.0 327.1 56.15 0.415 
125 
Avg 641.1 676.6 40739.0 338.7 ± 29.9 58.57 5.22 0.390 
300-1 641.3 675.0 31113.0 258.7 44.51 0.325 
300-2 641.7 675.8 31950.0 265.6 45.70 0.326 
300-3 641.4 675.1 33084.0 275.1 47.63 0.326 
300 
Avg 641.5 675.3 32049.0 266.5 ± 8.2 45.95 1.57 0.325 
EtOH 
10°C/min 
125-1 642.2 681.2 41033.0 341.1 58.68 0.390 
125-2 642.1 681.2 32064.0 266.6 45.05 0.353 
125-3 641.9 675.4 29783.0 247.6 42.46 0.275 
125 
Avg 642.0 679.3 34293.3 285.1 ± 49.4 48.73 8.71 0.339 
300-1 641.3 674.7 30055.0 249.9 42.99 0.290 
300-2 641.4 674.9 29956.0 249.1 42.83 0.295 
300-3 641.6 675.1 30208.0 251.1 43.19 0.294 
300 
Avg 641.4 674.9 30073.0 250.0 ± 1.1 43.00 0.18 0.293 
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Table 41: Oxidation - Low Temperature Region of OMW Pit at a heating rate of 
100°C/min 














125-1 529.2 562.9 20553.0 170.9 31.79 0.389 
125-2 529.7 563.4 20492.0 170.4 31.65 0.389 
125-3 530.1 563.9 20725.0 172.3 32.09 0.390 
Raw 
125 
Avg 529.7 563.4 20590.0 171.2 ± 1.0 31.84 0.22 0.389 
100°C/min 
300-1 529.4 562.7 17244.0 143.4 25.38 0.345 
300-2 529.9 563.3 16672.0 138.6 24.31 0.348 
300-3 530.5 563.9 16323.0 135.7 23.64 0.342 
300 
Avg 529.9 563.3 16746.3 139.2 ± 3.9 24.44 0.88 0.345 
SCFE 
100°C/min 
125-1 530.9 564.5 16747.0 139.2 24.80 0.403 
125-2 530.7 564.0 20492.0 170.4 31.65 0.369 
125-3 530.1 563.6 16391.0 136.3 24.13 0.400 
125 
Avg 530.6 564.0 17876.7 148.6 ± 18.9 26.86 4.16 0.391 
300-1 530.5 564.0 17014.0 141.5 25.10 0.365 
300-2 530.3 563.7 15857.0 131.8 22.87 0.342 
300-3 530.3 563.7 16898.0 140.5 24.69 0.346 
300 
Avg 530.4 563.8 16589.7 137.9 ± 5.3 24.22 1.19 0.351 
EtOH 
100°C/min 
125-1 530.5 564.1 18360.0 152.6 27.62 0.368 
125-2 529.9 563.3 17324.0 144.0 25.69 0.360 
125-3 530.7 564.1 17527.0 145.7 26.07 0.365 
125 
Avg 530.4 563.9 17737.0 147.5 ± 4.6 26.46 1.02 0.364 
300-1 530.4 563.7 16854.0 140.1 24.49 0.341 
300-2 530.0 563.2 16703.0 138.9 24.24 0.341 
300-3 530.2 563.5 16108.0 133.9 23.00 0.329 
300 
Avg 530.2 563.5 16555.0 137.6 ± 3.3 23.91 0.80 0.337 
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Table 42: Oxidation - Middle Temperature Region of OMW Pit at a heating rate of 
100°C/min 










Intercept Std Dev Mass fraction 
Loss (%) 
125-1 667.0 808.7 3778.0 31.4 0.26 0.488 
125-2 667.0 808.6 5587.0 46.5 3.07 0.530 
125-3 668.2 810.1 3870.0 32.2 0.38 0.486 
Raw 
125 
Avg 667.4 809.1 4411.7 36.7 ± 0.3 1.24 1.59 0.501 
100°C/min 
300-1 666.5 809.4 2512.0 20.9 -1.77 0.473 
300-2 666.6 809.4 2179.0 18.1 -2.24 0.470 
300-3 666.9 809.9 2663.0 22.1 -1.50 0.483 
300 
Avg 666.6 809.6 2451.3 20.4 ± 2.0 -1.84 0.37 0.475 
SCFE 
100°C/min 
125-1 668.2 804.2 9109.6 75.7 8.86 0.549 
125-2 666.0 803.2 5587.0 46.5 3.07 0.578 
125-3 666.9 803.1 8570.0 71.3 8.03 0.552 
125 
Avg 667.0 803.5 7755.5 64.5 ± 15.8 6.65 3.13 0.560 
300-1 666.7 809.2 4700.0 39.1 1.96 0.555 
300-2 665.8 808.8 3818.0 31.7 0.55 0.545 
300-3 666.6 809.3 2800.0 23.3 -0.99 0.525 
300 
Avg 666.3 809.1 3772.7 31.4 ± 7.9 0.51 1.48 0.542 
EtOH 
100°C/min 
125-1 667.7 809.7 5766.0 47.9 3.26 0.549 
125-2 666.0 807.2 7890.0 65.6 6.53 0.598 
125-3 666.3 805.9 9042.7 75.2 8.31 0.594 
125 
Avg 666.7 807.6 7566.2 62.9 ± 13.8 6.03 2.56 0.580 
300-1 666.1 809.0 4564.6 38.0 1.37 0.555 
300-2 665.6 808.3 4604.6 38.3 1.50 0.545 
300-3 665.9 809.2 3779.0 31.4 0.22 0.525 
300 
Avg 665.9 808.9 4316.1 35.9 rt 3.9 1.03 0.70 0.542 
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Table 43: Oxidation - High Temperature Region of OMW Pit at a heating rate of 
100°C/min 










Intercept Std Dev Mass fraction 
Loss (%) 
125-1 810.3 849.1 37334.0 310.4 41.53 0.077 
125-2 810.2 844.7 45152.0 375.4 51.98 0.035 
125-3 811.7 849.9 39531.0 328.7 44.15 0.078 
Raw 
125 
Avg 810.7 847.9 40672.3 338.1 ± 33.5 45.89 5.44 0.063 
100°C/min 
300-1 811.0 850.7 28013.0 232.9 29.60 0.081 
300-2 811.1 850.6 27808.0 231.2 29.32 0.079 
300-3 811.5 850.6 31629.0 263.0 34.13 0.089 
300 
Avg 811.2 850.6 29150.0 242.4 ± 17.9 31.02 2.70 0.083 
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A.3 Surface Areas of Biochars 
BET Surface Area Plot 
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Figure 18: BET Surface Area Plot for Raw OMW Pyrolyzed at 400°C 125-300 microns 
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BET Surface Area Plot 
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Figure 19: BET Surface Area Plot for Raw OMW Pyrolyzed at 400°C 300-500 microns 
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BET Surface Area Plot 
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Figure 20: BET Surface Area Plot for Raw OMW Pyrolyzed at 600°C 125-300 microns 
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BET Surface Area Plot 
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Figure 21: BET Surface Area Plot for Raw OMW Pyrolyzed at 600°C 300-500 microns 
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BET Surface Area Ptot 
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Figure 22: BET Surface Area Plot for SCFE OMW Pyrolyzed at 400°C 125-300 microns 
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BET Surface Area Plot 
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Figure 23: BET Surface Area Plot for SCFE OMW Pyrolyzed at 400°C 300-500 microns 
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BET Surface Area Plot 
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Figure 24: BET Surface Area Plot for SCFE OMW Pyrolyzed at 600°C 125-300 microns 
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BET Surface Area Plot 
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Figure 25: BET Surface Area Plot for SCFE OMW Pyrolyzed at 600°C 300-500 microns 
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BET Surface Area Plot 
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Figure 26: BET Surface Area Plot for SCFE OMW Pit Pyrolyzed at 600°C 125-300 
microns 
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BET Surface Area Plot 
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Figure 27: BET Surface Area Plot for SCFE + EtOH OMW Pyrolyzed at 400°C 125-300 
microns 
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BET Surface Area Plot 
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Figure 28: BET Surface Area Plot for SCFE + EtOH OMW Pyrolyzed at 400°C 300-500 
microns 
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BET Surface Area Plot 
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Figure 29: BET Surface Area Plot for SCFE + EtOH OMW Pyrolyzed at 600°C 125-300 
microns 
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BET Surface Area Plot 
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Figure 30: BET Surface Area Plot for SCFE + EtOH OMW Pyrolyzed at 600°C 300-500 
microns 
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BET Surface Area Plot 
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Figure 31: BET Surface Area Plot for SCFE + EtOH OMW Pit Pyrolyzed at 600°C 125-
300 microns 
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